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SUXXARY 
Two potential mechanisms of teratogenicity have been investigated. 
Firstly, using an In vItr-o rat embryo culture technique, the potential of 
active oxygen species to induce developmental abnormalities, in the 
organogenesis stages of embryonic development, was examined. 
Initially the embryo culture technique was validated by comparing the 
results obtained with a known teratogen (cyclophosphamide) with those of 
the published literature. Following the validation experiments embryos were 
exposed in culture to enzyme generated active oxygen species. Xanthine 
oxidase, oxidises xanthine to uric acid and superoxide radical which can 
dismutate to form hydrogen peroxide and hydroxyl radicals. Growth and 
development were assessed af ter 46 hr of culture. The treatment induced 
abnormalities of the neural suture, the severity of which increased in a 
dose-related manner with the concentration of substrate or enzyme. 
Glutathione or catalase either partially or completely abolished the ef fects 
of xanthine/xanthine oxidase, whereas the addition of superoxide dismutase, 
mannitol or desferrioxamine did not reduce the number of malformed embryos. 
Hydrogen peroxide induced a similar spectrum of malformations as 
xanthine/xanthine oxidase. 
The predominance of P-448 cytochrome enzymes over the P-450 
cytochrome enzymes in the developing foetus (the reverse of the adult 
situation), and the ability of P-448 to produce oxygen radicals via the 
activation of xenobiotics, suggests that active oxygen species may be 
involved in the toxicity of some teratogenic xenobiotics. 
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Secondly, the incidence of morphologically abnormal f oetuses in the 
litters of cyclophospham ide- treated male mice and rats was investigated. A 
single high-dose of cyclophosphamide was shown to induce a modest but 
signif icant increase in abnormal f oetuses, whereas a chronic low-dose 
regimen induced a highly significant increase in foetal abnormalities. 
Furthermore, chromosomes prepared from abnormal foetuses revealed 
karyotype abnormalities that were consistent with the theory of clastogenic 
damage in germ-cells being the cause of abnormal f oetal development. 
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CHAPTER 1 
GENERAL INTRODUCTION AND LITERATURE REVIEW 
1-1. TERATOGE is 
"Teratology is a science dealing with the causes, mechanisms and 
manifestations of developmental deviations of either a structural or 
functional nature" (Wilson, 1973). This quotation describes a branch of the 
biosciences which has undergone tremendous growth in the past two decades. 
From a relatively underdeveloped f ield of research which had nevertheless 
recognised the dangers of radiation and Rubella infection, teratology was 
given a growth stimulus of unprecedented power by the use of the sedative 
drug thalidomide in pregnant women in the 1960's. 
Thalidomide is perhaps the classic teratogenic agent in man (Lenz, 
1964). Doses which are perfectly safe for a young adult, produce a well- 
defined pattern of musculo-skeletal deformities when given on just a few 
days in the sensitive period from the twentieth to the thirty-fifth day 
af ter conception. Most of the species routinely used for teratology assays 
(mice, rats and rabbits) are relatively insensitive to the teratogenic 
effects of thalidomide and only primates react teratogenically to 
thalidomide in a similar way to man. It could be said that thalidomide is 
unique in this respect. However, the potential danger inherent in such an 
assumption has encouraged teratologists to investigate the mechanisms of 
teratogenesis in order to design testing protocols more able to detect 
potential teratogens. Furthermore, it has precipitated a large expansion in 
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the requirements of regulatory bodies throughout the world for the safety 
evaluation of drugs and chemicals in terms of teratogenicity (Palmer, 1969). 
The causes of developmental defects in man are numerous and varied and 
may be of heritable transmission (Neel, 1961) , or be due to environmental 
factors such as radiation, infections, maternal metabolic imbalance, drugs 
and environmental chemicals. Radiation was long ago recognised as being 
able to cause abnormalities in the offspring of exposed mothers (Goldstein 
and Murphy, 1929). Its mechanism of action is almost certain to involve the 
production of peroxides and free radicals by the passage of ionising 
radiation through the tissues of the developing embryo (Wilson, 1973). The 
induced radicals may react with the nucleotides, proteins or membranes of 
the cell to cause cell cycle delay or cell death. Infections that may cause 
teratogenic ef fects include Rubella (Sever, 1970), other viruses such as 
cytomegalovirus (Hanshaw, 1970) and non-viral organisms, e. g. the protozoan, 
Toxoplasma (Lechner and Leinzinger, 1965). Examples of maternal metabolic 
imbalances that may result in developmental abnormality include such 
disorders as diabetes (Pederson et al., 1964), maternal phenylketonuria 
(Hansen, 1970) and thyroid malfunction (Warkany, 1971). 
1.2. IN-UTBQ TERAMIDGY 
The current regulations regarding teratology testing for safety 
evaluation are stringent and require the use of mice, rats or rabbits. 
However, this does not guarantee the absence of an ef fect in humans, as in 
all branches of toxicology the extrapolation of data from animals to man is 
subject to many inter-species variables such as metabolic differences and 
sensitivity. The cost in terms of both time and money for such studies is 
large and consequently their use is restricted to the testing of drugs, f ood 
additives and certain environmental chemicals such as pesticides. There are 
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a great many chemicals, both natural and synthetic, which may have 
teratologic potential but which will never be tested by standard procedures. 
There is therefore a requirement for some form of pre-screening assay to 
detect potential teratogens. For this purpose many in-vitro test systems 
have been developed and can be categorised according to whether DNA, single 
cells, organs, or whole embryos are used to assess teratologic potential. 
Ideally a test system should incorporate all the processes of growth and 
differentiation, and be able to detect retardation, malformation and death. 
These systems include the nematode Caenorbabdites elegans (Depp et al., 
1978) and the adult Hydra (Attenuata) which can be disrupted into 
individual cells which will gradually ref orm into its original structure. 
These "artificial" embryos (Johnson and Gabel, 1983) have been validated for 
their predictability with known teratogens and the data correlate well with 
mammalian results (Johnson, 1980). Echinoderms, such as the sea urchin 
(Gross et al., 1972) have been used in experimental embryology and their 
use as a potential assay shows promise as does that of the fruit-fly 
Drosopblla melanogastear, about which there is a great deal of genetic and 
developmental data (Schuler et al., 1982). 
With regard to the suitability of sub-mammalian vertebrates, f ish such 
as zebra f ish or minnows can easily be maintained in the laboratory, as can 
amphibia such as newts and frogs. In this class of test system, the most 
widely used and validated is the chick embryo. The chick embryo possesses 
its own intact metabolic system and comparative studies have indicated a 
high predictive value relative to other in-vitr-o systems as well as to 
whole animal testing (Jelinek, 1982). 
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Other than the whole embryo culture system, which uses either rat or 
mouse embryos, there are a multitude of cell and organ tissue culture 
systems which have been investigated with varying success. The majority of 
which would not be appropriate as they use tissues in a late stage of 
differentiation, although they can be useful in studies of biochemical and 
histological development. However, in validation studies some of these 
assays have proved quite accurate in discriminating between teratogens and 
non-teratogens. Mesenchymal cells from human embryonic palate (Pratt et al., 
1982), and ovarian tumour cells (Braun, 1982), have around a 90% success 
rate, although with a very limited number of chemicals. Flint et al., (1980, 
1982,1984) have reported that cell suspensions of rat embryo limb buds 
and central nervous tissue show a concentration-dependent inhibition in the 
number of differentiating cell foci after exposure to 25 out of 27 
teratogens, and only 2 out of 19 non-teratogens, in the presence of an 
exogenous metabolising system. 
Kochhar (1982) has shown that explanted mouse, rat or rabbit limb buds 
can be cultured and show similar differentiation and development as In-vivo 
systems but over an extended time-scale. Again, these have proved to be 
quite good predictors of teratogenicity, and improvements in technique 
(Neubert and Barrach, 1977) and the development of a quantitative scoring 
technique, show this to be a very promising pre-screening assay. 
Of all the in-vitro teratology assays, the one that has been the most 
thoroughly investigated and extensively validated is that of whole embryo 
culture. This technique maintains the rodent embryo (usually the rat but 
sometimes the mouse) through the critical period of organogenesis which is 
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also the time of maximum sensitivity to the toxicological actions of 
teratogens. 
1.3. WHOLE-EXBRYO CULTUIRR 
In mammalian embryonic development all the major organ systems appear 
af ter implantation in the maternal uterine wall. Thus, for many years 
embryologists attempted to culture post- implantation embryos in order to 
study closely the processes of embryonic development. In the 1930's early 
experiments were carried out with rat and guinea-pig embryos (Nicholas and 
Rudnick, 1934,1938; Jolly and Leiure, 1938) using sera, plasma and embryo 
extracts as culture medium. These early experiments met with limited 
success as did later experiments in the 1950's and 60's (Grobstein, 1950; 
Smith, 1964). The advent of a simple, reproducible technique of culturing 
post- implantation mammalian embryos through the organogenesis stages with 
in-vivo comparability came with the work of New and colleagues (New, 1967; 
New and Daniel, 1969; New and Coppola, 1970). 
In the rat, embryo implantation is completed at 7V2-8 days of age, 
(mating assumed to occur at the midpoint of the mating period), when the 
embryo is at the egg cylinder stage. Subsequently, development proceeds 
through the following stages: 
8.5 Primitive streak 
9.0 Pre-somite neurula 
9.5 First somites, brain f olds 
10.5 10-14 somites, yolk-sac circulation 
11.5 Tail-bud embryo, 26-30 somites forelimb bud 
12.5 Complete embryo, 40-42 somites 
13.5 Early foetus, 48-50 somites 
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There are three systems that can be used to culture embryos in-vitro. 
Static methods involve the simple culturing of explanted embryos in a 
watchglass, immersed in homologous serum within a humidified atmosphere of 
the appropriate gas mixture (New and Stein, 1964). Survival of embryos is 
poor even when early embryos are used and growth does not match that seen 
In vivo (Berry, 1968). The poor survival and growth rates of statically- 
grown embryos precludes them as a possible pre-screening assay f or 
teratogens although they remain a limited but useful tool f or embryologists. 
The second system for culturing embryos requires the use of complex 
apparatus, which restricts the number of embryos that can be cultured at 
any one time. Circulating methods involve the anchorage of explanted 
embryos, using the Reichert's membrane, onto gauze or wire mesh within a 
tube or chamber. Media, previously warmed and oxygenated is then passed 
over the embryo either by a peristaltic pump or a stream of gas bubbles. As 
only a limited number of embryos can be cultured concurrently this 
methodology is not suitable for teratogenicity testing. However, because the 
embryos are anchored it does allow for continuous observation of the 
developing embryos. In fact, f ilm records of embryonic growth and 
development have been produced in this way (New, 1978). Furthermore, 
measurements of the embryonic heart rate and the ef fect of various drugs 
and chemicals on the developing cardiac musculature and nervous system can 
be evaluated (Robkin et al., 1974; Shepard et al., 1969). 
The use of roller bottles, or bottles on a rotating mechanism is 
perhaps the most appropriate method for evaluating the potential 
teratogenicity of drugs and chemicals. As is detailed in section 2.3, this 
method involves explantation of the embryos and removal of Reichert's 
membrane. The embryos are then submerged in a small volume of medium, 1-2 
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ml per embryo, within a suitable bottle, that is the air-space should be 5- 
10 times the volume of the medium. The gas phase of the bottle is then 
equilibriated. with a mixture of oxygen, carbon dioxide and nitrogen, the 
relative proportions of the gases can be changed to meet the changing 
requirements of the embryos as their development proceeds. The bottles are 
rotated on either a roller apparatus or on a rotating disc, this ensures 
good exchange between the gas phase and the liquid phase of the culture 
medium. 
Various components f or the culture medium have been tried, but perhaps 
the optimal medium is homologous serum which has been prepared after 
immediate centrifugation and then heat- inactivated (New et al., 1976a). The 
importance of centrifugation of extracted blood prior to the preparation of 
serum has been shown (Steele and New, 1974) to be especially important 
when culturing early embryos (8% days gestation). The use of delayed- 
centrifuged serum resulted in many embryos developing abnormal double 
hearts as a result of failure of fusion of the heart primordia. The 
factor (s) in delayed-centrifuged serum that cause double heart development 
appear to be a product of normal blood clotting but has not yet been 
identified. 
Adequate, but less than optimal, growth can be achieved using human 
serum (Fantel et al., 1979) or human serum supplemented with glucose 
(Chatot et al., 1980). With regard to gassing procedures it has been shown 
that embryos of less than 10 days of age require low (about 5%) oxygen 
concentrations which must be steadily increased as the embryo matures to a 
maximum of 95% at and above ages of 12% days (Cockcroft, 1977). Although 
gas concentrations can be continously varied using a suitable flow 
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apparatus (New and Cockcroft, 1978), the most practical system f or general 
purposes is that of periodic changes (Brown et al., 1979). 
Using the roller-culture technique, the growth of embryos explanted at 
9% days of age and cultured for 48 hours has been shown to be 
indistinguishable f rom that In ute-ro over the equivalent period (New et al., 
1976b) with most of the embryos surviving the culture process. Beyond 48 
hours of culture, growth is retarded compared with that in utercn whilst the 
yolk-sac placentation appears to be sufficient to maintain younger embryos, 
the lack of chorio-allantoic placentation and the consequent reduction in 
flow of nutrients, is detrimental to the growth of embryos older than 1Dfi 
days. 
In the years that followed the development of the whole-embryo culture 
system many workers used it as a tool to investigate the mechanism of 
teratogenicity of known teratogens and also to determine the teratogenic 
metabolites of bio-activated teratogens. Many researchers have studied the 
bia-activation of cyclophosphamide (CP) to its teratogenic metabolites, 
phosphoramide mustard and acrolein (Fantel et al., 1979; Kitchen et al., 
1981; Greenaway et al., 1982). CP is a particularly useful chemical for 
studying the processes of bio-activation as the parent compound is 
innocuous In vitr-o up to concentrations as high as 25 pg/ml (Fantel et al., 
1979) and embryos exposed In vI tro show characteristic defects 
indistinguishable from those seen In vivo (Greenaway et al., 1982). Where 
the metabolites of a teratogen are known, then the whole-embryo culture 
system is an ideal model to determine the relative contribution of each 
metabolite to the teratogenicity of the parent compound. This has been 
demonstrated with the phthalate ester, dimethoxyethyl phthalate and its 
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metabolites, monomethoxyethyl phthalate, 2-methoxyethanol and methoxyacetic 
acid (Yonemoto et al., 1984). These experiments confirmed that 
monomethoxyethyl phthalate is inactive as a teratogen, which could not be 
proved In vivo, as the pharmacokinetics of the monoester are different when 
injected as an aqueous solution of the sodium salt and when derived in vivo 
from the di-ester (Campbell et al., 1984). 
Another approach which can be used is to culture embryos in serum 
derived f rom animals pre-treated with the agent under test. This will take 
into account any differences there may be between in vivo and in vitr-o 
metabolism. Indeed, it has been shown that a compound may exert differing 
effects when administered in this way (Klein et al., 1980). A drawback of 
this approach is that the treated serum may vary from control serum, in 
addition to the presence of the agent and its metabolites. Serum changes 
may be produced by a toxic ef fect of the agent upon the treated animals. 
However, this technique does allow the use of serum from human subjects. It 
has been shown that the serum of patients undergoing chemotherapy or of 
those taking anti-convulsants showed embryotoxic ef fects on cultured rat 
embryos (Chatot et al., 1980). 
The list of chemicals that have been tested in the whole-embryo culture 
system is now extensive and includes, as well as those already mentioned, 
agents such as glucose (Cockcroft and Coppola, 1977); retinol and retinoic 
acid (Morriss and Steele, 1977); ethanol (Brown et al., 1979); sodium 
salicylate (Greenaway et al., 1982); chlorambucil (Mirkes and Greenaway, 
1982); and indeed many others almost too numerous to mention. 
There are many end-points to the whole-embryo culture system which can 
be measured or described. Evaluation of survival of an embryo can be made 
from the presence of an embryonic heart beat and of a steady circulation of 
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blood in the yolk-sac vasculature. Embryonic growth can be determined 
simply by measuring physical parameters of the embryo such as crown-rump 
length, head length and the number of somites. Also determinations of 
embryonic DNA and protein contents can be made. Gross structural defects 
can be easily observed and described whereas, more subtle minor defects or 
dysmorphogenesis can be more difficult to detect. In order not to miss 
minor defects it is necessary to evaluate each embryo very carefully. To 
this end a method of quantifying rat embryonic development in vitr-o has 
been described (Brown and Fabro, 1981). This "morphological scoring system" 
assigns a points value to each developmental stage of each of a number of 
organ primordia. The total score reflects the equivalent in uter-o age of the 
cultured embryo and highlights any specific dysmorphogenesis. This system 
or abbreviated modifications are now in general use in many laboratories. 
It has been shown that the cytochrome P-448 oxidative enzymes develop 
pre-nataly in the mammalian embryo (Basu et al., 1971) whereas the 
cytochrome P-450 oxidative enzymes do not substantially appear, and cannot 
be induced, until after birth (Parke and Ioanniders, 1984; Juchau et al., 
1985). Cytochrome P-448, but not cytochrome P-450, appears to have the 
ability to oxygenate carbon and nitrogen atoms in hindered positions of the 
molecule (Parke, 1982), and has been shown to be responsible for the 
ultimate activation of benzo(a)pyrene (Levin et al., 1977) and 
methy lam inoazobenzenes (Igarashi et al., 1982). 
The ability of cytochrome P-448 to metabolise carcinogens to their 
reactive intermediates suggests that developing embryos may be more at 
risk to the toxic effects of such chemicals than the adult. Furthermore, 
such reactive intermediates may react with tissue oxygen to form radical 
species which may further react with developing embryonic tissues causing a 
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toxic response. It would seem that that the in vitr-o embryo culture system 
could provide a means to investigate the potential teratogenicity of oxygen 
radicals. 
1.4. OXYGEN RADICATS, ACTIVE QJXGEA SPECIES AID TOXICITY 
All aerobes f ind oxygen a necessary chemical, both to act as an 
electron sink f or energy-yielding reactions and also as a reagent f or 
numerous metabolic transformations. However, the ubiquitous nature of oxygen 
can often shroud its potential toxicity and the need for defensive 
mechanisms to protect against the adverse ef fects of active oxygen species. 
A free-radical may be def ined as any species that has one or more 
unpaired electrons (Halliwell and Gutteridge, 1984), a definition which 
includes the hydrogen atom, most transition metals and the oxygen molecule 
itself. Oxygen has two unpaired electrons with the same spin quantum number 
which tends to make 02 accept electrons singly, and this slows its reaction 
with non-radical species. When 02 accepts an electron, the product is 
superoxide radical, 02. - which has one unpaired electron. O: z- - is formed 
in almost all aerobic cells (Fridovich, 1978) and in parallel, superoxide 
dismutase, an enzyme that specif ically removes 02 - -, is also f ound in most 
tissues. 
02 -- generating systems have been shown to induce a range of toxic 
ef fects including strand breakage of DNA, lysis and lipid peroxidation of 
cell membranes, enzyme inactivation and genetic damage to cells in culture, 
e. g. chromosomal aberrations, sister chromatid exchange and gene mutation. 
However, in most of these systems, 02 -- itself does not appear to be 
directly responsible for the effects seen. In aqueous solution, 02- - 
spontaneously dismutates to form hydrogen peroxide (H: 20: z) and oxygen, this 
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reaction is strongly catalysed by superoxide dismutase. H: zO: 2 while not a 
radical, has severe toxic effects similar to many of those seen in 0-- -- 
generating systems and may itself be the causative species of presumed 0-- -- 
damage. However a further reaction can occur between H202 and 0-2 -- which 
requires the presence of traces of low-molecular weight iron or copper 
complexes. This reaction, called the Haber-Weiss reaction produces hydroxyl 
radical (OH . ), oxygen and water. OH - is extremely reactive and is produced 
by ionising radiation such as X-rays and is responsible f or many of the 
ef fects of radiation on living tissues (Sasaki and Matsubara, 1977). Singlet 
oxygen C 02) while not a radical by definition, because it has no unpaired 
electrons, is however a highly reactive and short-lived species. Excitation 
of 0-- to singlet. oxygen can occur by illumination of biological pigments 
such as chlorophylls, retinal, f lavins or porphyrins in the presence of 
oxygen (Foote, 1982). 
The membranes of mammalian cells contain a high proportion of lipid, 
particularly unsaturated fatty acids, which is essential to their structure 
and function. Consequently any damage to the integrity of lipids can have 
severe toxicological results. Lipid peroxidation in a membrane or a free 
fatty acid can result from the attack of any species reactive enough to 
abstract a hydrogen atom (e. g. OH -). This produces a hydroperoxy radical 
(ROO -) which can initiate a chain reaction by abstracting a hydrogen atom 
from other lipid molecules (McBrien and Slater, 1982). 
In order to combat the injurious ef fects of active oxygen toxicity, 
aerobes have developed a series of mechanisms to prevent oxidative damage. 
Essentially there are enzymic and non-enzymic defences against oxygen 
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toxicity (Sies and Cadenas, 1983). Enzymic routes of detoxif ication are led 
by the superoxide dismutases (SOD) which increase the dismutation of 02. - 
by several orders of magnitude and prevent the formation of OH - (Halliwell, 
1983). There are two types of metalloprotein SOD enzymes, MnSOD resides 
within the mitochondria, and removes 02- leaking f rom the electron 
transport chain, and in the cytosol there is a CuZnSOD to remove the 02. - 
from other sources. These enzymes are at a concentration sufficient to cope 
with normal levels of 02-- but they also are inducible by increased levels 
of oxygen (Halliwell, 1983). 
Working in conjunction with the SOD enzymes, there are two enzymes 
which remove H: zO: z, the product of SOD. Catalase is a haem enzyme f ound in 
peroxisomes -and it rapidly degrades H: 20; 2 to water and oxygen. In the 
cytosol and mitochondria there is glutathione peroxidase which reduces H202 
to water, concomitantly oxidising glutathione (GSH) into its oxidised state 
(GSSH). GSSH is reduced back into GSH by glutathione reductase enzymes 
(Emerit, 1982). Glutathione is a simple tripeptide (L-X-glutamyl-L- 
cysteinylglycine) which is f ound in nearly all living cells at up to 
millimolar concentrations. It has multifunctional properties which directly 
or indirectly include the synthesis of proteins and DNA, transport, enzyme 
activity, metabolism and the protection of cells (Meister and Anderston, 
1983). In the latter respect its main functions appear to be as a substrate 
f or glutathione peroxidase and it serves to keep the thiol (-SH) groups of 
enzymes and proteins in a reduced state. 
Cells also contain natural anti-oxidants which can scavenge oxygen 
radicals and limit the extent of lipid peroxidation. Caeruloplasmin, a blood 
copper protein, is a powerful inhibitor of lipid peroxidation (Halliwell, 
1984). Also, there are the non-protein anti-oxidants of which vitamin E (a- 
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tocopherol) is the most important (McBrien and Slater, 1982). this is a 
fat-soluble molecule concentrated within membranes which has a particular 
speciality of disposing of singlet oxygen. Other vitamins of importance 
include vitamin A and vitamin C (ascorbic acid). Synthetic anti-oxidants 
such as propyl gallate, butylated hydroxytoluene (BHT) and butylated 
hydroxyanisole (BHA) are used in the f ood industry to reduce and prevent 
lipid peroxidation, whose end-products give a rancid taste. 
The potential toxicity of active forms of oxygen is exemplif ied by the 
fact that certain cells of the mammalian white cell population use oxygen 
radicals as a weapon to dispose of f oreign bodies detected by the immune 
system. In this case phagocytosing polymorphonuclear neutrophils and 
macrophages are believed to release a burst of O: z -- radicals and 
consequently H20: 2 and OH - (Suthanthiran et al., 1984). Presumably, most 
cells are adapted to cope with normal levels of active oxygen species 
without sustaining greater than minimal levels of repairable damage. 
However, any circumstance which increases levels of active oxygen species, 
depletes the reservoir of a cell's anti-oxidants, prevents the induction of 
SOD, or inhibits the function of the detoxif ication enzymes, could lead to a 
toxicological manifestation. 
The toxicity of superoxide-generating systems has been investigated in 
various In vitro models including both the sub-cellular and cellular 
components of mammalian and sub-mammalian types including bacterial and 
viral sources. The role of superoxide in DNA strand scission has been 
investigated (Lesko et al., 1980), in which, by the use of various chelators 
and scavengers, it was concluded that OH - was the principal cause of DNA 
breakage. 
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The potential mutagenicity of active oxygen species has been studied by 
several workers using various radical-generating systems and cell types. 
Chinese hamster ovary cells (CHO) have been used to determine the induction 
of chromosomal aberrations and sister chromatid exchanges (SCE) and gene 
mutation (Phillips et al., 1984), by enzymically-generated radicals and, 
similarly, Chinese hamster fibroblasts were used to study chromosome 
aberrations alone (Sofuni and Ishidate, 1984). The action of superoxide on 
CHO cells has also been examined by using potassium superoxide as a source 
of radicals and using cytotoxicity and mutation at the hypoxanthine-guanine 
phosphoribosyltransferase-locus (HGPRT) as the end-points. Also 
enzym ica 1 ly- produced radicals have been used to treat human lymphocyte 
cultures prior to determining the levels of induced chromosomal aberrations 
and SCE (Emerit et al., 1982). 
In terms of human toxicology there are certain special circumstances 
where the toxicological ef fects of oxygen may become apparent. For 
instance, 02 at high pressure as in deep sea diving, can cause acute 
nervous system toxicity leading to convulsions. 
0: 
2 at ordinary atmospheric 
pressure does not have this ef fect although if the concentration exceeds 
50% then gradual damage to the lungs can occur. With premature infants that 
require high 02 for survival there is the problem of retrolental fibroplasia 
which occurred widely in the 1940's and 50's. Later it was realised that the 
high 02 necessary f or the inf ants survival was responsible for the damage 
that eventually gave rise to impaired vision or even blindness. The 
respiratory burst of phagocytic cells is not only essential in bacterial 
cell killing but also in mediating the acute inflammatory response (Babior, 
1978 a, b) by changing the permeability of vascular membranes (Del Maestro 
et al., 1982) and the generation of chemotactic factors (McCord et al., 
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1982). In the autoimmune diseases, antibodies are raised against normal 
body constituents and this can provoke attack by phagocytic cells with 
resulting oxidative damage. Futhermore, oxygen radicals may be involved in 
the pathogenesis of cancer in that they can damage DNA and therefore act 
as initiators or promotors of cell transformation. 
In terms of chemical toxicology, there are several agents whose 
toxicity is thought to be mediated largely, or partly, via active oxygen 
species. Perhaps the most well characterised are paraquat and carbon 
tetrachloride. When paraquat is absorbed into the body it is accumulated in 
the lungs and is reduced by enzymes in the endoplasmic reticulum of the 
alveoli. The reduced paraquat or paraquat radical can react with oxygen to 
give paraquat and superoxide radical. The high O: z concentration in the 
lungs aids this reaction and results in the production of 
H: 
20; 2 and OH - 
which eventually cause "acute lethal injury", causing the cell to swell and 
die followed by tissue oedena, capillary congestion and inflammation. Other 
examples of 02 radical generators include: alloxan, 6-hydroxydopamine, 
cigarette smoke, phenylhydrazine, vicine and convicine, ethanol, and quinone 
anti-tumour antibiotics such as mitomycin C, adriamycin and daunorubicin 
(Lown et al., 1982). 
1.5. QnGKF HADICAIAS AND TlRRATnGRKICITY- 
As already discussed, the involvement of oxygen radicals has been 
suggested in the pathogenesis of certain conditions such as rheumatoid 
disease, diabetes and cancer (Halliwell and Gutteridge, 1984). Furthermore, 
the relationship between the toxicity of various chemicals such as paraquat 
or antitumour antibiotics such as adriamycin and ionising radiation, and 
their ability to generate free radicals has also been recognised (Michaels 
and Hunt, 1978; Lown et al. t 1982; Nicotera et al., 1985). 
Some toxic agents 
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whose mechanisms of action are thought to involve oxygen radicals and/or 
lipid peroxides, also have teratogenic effects, either in humans or in 
animals, e. g. paraquat, (Khera et al., 1970), phenylhydrazine (Tamaki et al., 
1974), ionising radiation (Wilson, 1973) and ethanol (Chernoff, 1975). The 
possibility exists that some teratogens may exert their ef fects on the 
developing embryo via active oxygen species, such as hydrogen peroxide. 
In the case of adriamycin, In vlvo teratogenicity studies have indicated 
that teratogenic ef fects can be induced in rats but only when the dosing 
regimen strikes af ine balance between the no-ef fect level and that which 
produces increased abortion (Oguro et al., 1973; Thompson et al., 1978). The 
mechanism/s by which adriamycin exerts its toxic ef fect are still being 
elucidated, but many workers have indicated the importance of oxidative 
stress and lipid peroxidation. However, the failure of Muliawan et al., 
(1980) to demonstrate enhanced ethane expiration (an indicator of lipid 
peroxidation) in animals treated acutely with adriamycin does not support 
these ideas. There is ample evidence however, that the toxicity of 
adriamycin can be attenuated by various antioxidants and radical scavengers 
(Fujita et al., 1982). Studies investigating the embryotoxicity of adriamycin 
in rat embryos in vitr-o have been reported by Fantel et al., (1985). Their 
experiments show that embryotoxicity was significantly increased when 
cultures included co-factors for cytochrome P-450-dependent 
biotransformation and a hepatic microsomal preparation (S-9) prepared f rom 
animals pretreated with 3-methylcholanthrene or a mixture of 
polychlorinated biphenyls (Aroclor 1254). Increasing 02 concentrations 
partially counteracted the embryonic effects of adriamycin. Several other 
agents [including various antioxidants, compounds bearing free sulfhydryl 
groups, coenzyme Ql,:,, and superoxide dismutase (with or without catalase)] 
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that prevent or reduce the cardiotoxicity of adriamycin without impairing 
its antineoplastic properties, failed to modify the embryotoxicity 
significantly. They concluded that the embryopathic and antineoplastic 
properties of adriamycin may share a common mechanism which is distinct 
from the presumed oxidative stress and lipid peroxidation mechanism 
responsible for its cardiotaxicity. 
The embryotoxicity of microsomally induced lipid peroxidation has been 
investigated in mouse blastocysts (Iannaccone, 1986). Cytochrome P-450- 
dependent mixed-function oxidases, (P450) are membrane-bound enzymes that 
can be isolated from the microsomal fractions of most eukaryotic cells. 
P-450 enzymes are involved in drug detoxif ication but in certain 
circumstances, are also known to catalyse lipid peroxidation. During the 
pre- implantation period the embryo is undergoing rapid cell division and 
synthesising a large amount of lipid cell membrane. Induced microsomal 
proteins, in the presence of NADPH, were shown to be highly toxic to mouse 
blastocysts In vitm. This toxicity was shown to be partly alleviated by 
the antioxidant butylated hydroxytoluene and completely abolished by the 
addition of SOD. It is not certain whether microsomally induced 
embryotoxicity in blastocysts could result in teratogenic malformations or 
be confined to embryonic death, although midgestational abnormalities have 
been demonstrated in preimplantation mouse embryos, exposed in vlt= to N- 
methyl-N-nitrosourea, and subsequently transferred to surrogate female mice 
(Bossert and Iannaccone, 1985). 
Vitamin E or a-tocopherol is a vitamin whose action in vivo is perhaps 
solely to act as an antioxidant. The ability of certain antioxidants to 
prevent some vitamin E-def iciency diseases is cited as strong evidence in 
favour of the theory. Draper, Goodyear, Barbee and Johnson (1958) found that 
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the synthetic antioxidant, N, N'-diphenyl-p-phenylenediamine (DPPD), 
supported normal reproduction in two generations of vitamin E-deficient 
female rats. It was shown many years previously that vitamin E-def iciency 
in female rats resulted in embryo resorption by the 13th day of gestation 
(Evans and Burr, 1927). More recently, experiments have demonstrated that 
vitamin E has a direct effect on the embryo in preventing its death (Steele 
et al., 1974). When embryos explanted from vitamin E-def icient rats were 
cultured in vitamin E-deficient media they developed poorly. Whereas if 
they were cultured in media containing vitamin E, they responded by 
producing significantly more protein and having a greatly extended survival 
time. Also, the synthetic antioxidant DPPD, could be exchanged with vitamin 
E to achieve the same result. These experiments suggest that organogenesis 
stage embryos require a source of antioxidant in order to prevent their 
death. Also, that the embryonic death in vitamin E-def icient embryos is 
self-inflicted and not dependent on 'toxins' of a maternal origin. 
The evidence that some teratogens may exert their ef fects via active 
oxygen species is not substantial. However, it is certain that developing 
embryos require vitamin E as an antioxidant and therefore, like the adult, 
probably produce significant amounts of active oxygen in normal 
respiration. Furthermore, because of the rapid rate of cell division in 
embryos, with its consequent high degree of DNA synthesis and lipid 
membrane production, they could be expected to show a greater sensitivity 
to the toxic ef fects of active oxygen than is seen in the adult. 
Although the potential of active oxygen species to cause teratogenic 
effects In vivo is, as yet, unnkown, the fact that certain chemicals can 
traverse the f oetao-placental barrier and adversely af fect the development 
of the foetus is well known. Such teratogenic effects are characterised by 
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their occurrence at doses which exert no overt toxic ef fects in the mother 
but which may cause marked effects in the embryo. Howevert the dose 
$window' in which a teratogen is effective is usually narrow, both in terms 
of total dose and the time of exposure, that is, certain periods of 
gestation are much more sensitive than others. The 'rules' of maternally 
mediated teratogenesis are now quite well delineated (Wilson, 1973), 
however, it is also known that some factors may predispose the offspring to 
certain f orms of abnormality. For example, there is a marked correlation 
between increasing maternal age and the incidence of Down's syndrome 
(Erickson and Bjerkedal, 1981). The effects of environmental or clinical 
exposure of the male and the development of his subsequent of f spring has in 
the past been largely ignored; recent work suggests that male exposure may 
result in adverse effects (Nomura, 1979; Kirk and Lyon, 1984). 
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1.6. )(Al, lR-XFDTATRD TRRATOGEI[ICITY 
Until the thalidomide episode some twenty years ago, many biologists 
believed that the developing f oetus was rigorously protected from toxic 
chemicals by the f oeto-placental barrier. Now, of course, it is recognised 
that many chemicals including highly toxic species can easily cross into 
the f oetal bloodstream and may reach higher concentrations in the f oetus 
than in the mother. Also, in certain sensitive phases of f oetal development, 
teratogenic ef fects can occur without overt toxicity in the mother. 
Similarly, the male reproductive sysytem has until recently been 
thought by many to be very resistant to toxic insult, with the blood-testis 
barrier protecting the germ cells from exposure to chemicals in the blood. 
In the light of new data this belief has had to be revised especially as 
some chemicals have been found to be tissue specif ic toxins with respect to 
the male gonads. 
The effects of toxic chemicals on the male reproductive processes are 
varied and include all aspects of male reproduction from psychological 
parameters such as libido, through sperm production, morphology and 
motility, fertility and mutagenic effects, to transmissable effects in 
subsequent offspring. 
The incidence of reproductive failure in man appears to be much higher 
than is seen in other mammals, however, such comparisons can only be made 
with data from domesticated and laboratory animals, there being practically 
no information available for these parameters from wild animals. Previous 
estimations of reproductive loss using cytogenetic analysis of abortuses 
(Carr and Gedeon, 1977; Creasy et al., 1976) suggested that 50% of all 
conceptions were spontaneously aborted. However, more recent estimates 
24 
based on a range of investigations concludes that approximately 75% of 
fertilizations may result in fetal death (Kline and Stein, 1985). The 
sensitivity of the human testes to toxic chemicals appears to be 
particularly when compared with those of other mammals (animal data again 
being limited to domestic and laboratory animals). Also, the yield of 
spermatozoa, the rate of sperm production per gram of testes and the 
percentage of morphologically normal sperm (commonly around 50%) are the 
lowest in man among the many mammals studied (Bedford, 1983). 
Consequently, the threshold below which fertility is affected is only 
fourfold lower than the median number of sperm in a normal ejaculate. The 
ejaculate of a bull may contain 1400 times the number of sperm required to 
achieve maximal fertilisation by artificial insemination. 
The conclusion one may draw from this is that the human male may be 
much more sensitive to the ef fects of reproductive toxins than the animal 
models normally used to study these effects. Having said this, no agent has 
yet been conclusively proved, by epidemiological means, to have affected the 
offspring of exposed human males, although this may be due to the inherent 
variables that exist in epidemiological studies, obscuring any small under- 
lying effects. 
Many agents, both physical and chemical, have been examined f or their 
potential to af f ect the reproductive outcome af ter paternal exposure. Some 
effects detectable in the F, generation after male exposure to reproductive 
toxicants are as follows: - 
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Some Effects Detectable in the F, Generation After 
11(ale Exposure to Nutagenic Agents. 
1. Dominant Lethality 
- Pre-implantation death 
- Post-implantation death 
2. Chromosomal Aberrations 
3. Congenital Abnormalities 
- Skeletal 
- Visceral 
Reduced Survival 
- Pre-weaning 
- Life span 
2. Reduced Fertility 
3. Increased Sensitivity To 
Carcinogens and Promoters 
4. Behavioural Changes 
5. Biochemical Changes 
e. g. Altered Enzyme Activity 
6. Altered Sex-Ratio 
7. Morphological Parameters 
e. g. Weight, Mandible Shape, 
etc. 
Table 1.1. presents a brief summary of the adverse effects on the progeny 
of males exposed to a variety of agents in an experimental situation. The 
response listed is the conclusion of the author of the particular paper, 
while the group size is an arbitary classif ication based upon a comparitive 
observation of the papers reviewed and gives some idea of the 'strength' of 
the data upon which the conclusions were drawn. Table 1.2. presents a 
summary of epidemiologic studies on reproductive outcome following male 
exposure. The ef fect listed is the conclusion of the author of the 
particular paper. 
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Table 1.1. Sumary of Ef f ects on the Progeny of Exposed Males 
Agent Species Response Group Size Reference 
TCDD Rat -ve, effect on 
fertility Medium Murray 1979 
TCDD Mouse -ve, effect on 
fertility Large Lamb 1981 
2,4-D Mouse -ve, effect on 
fertility Large Lamb 1981 
2,4,5-T Mouse -ve, effect on 
fertility Large Lamb 1981 
Dioxin Rat -ve, dominant 
lethality Small Khera 1973 
Caffeine Hamster +ve, altered sex- Medium Weathersbee 
ratio 1975 
Cyclophosphamide Rat +ve, L litter 
size Medium Botta 1974 
Cyclophosphamide Rat +ve, induced 
malformations Medium Knudsen 1977 
Cyclophosphamide Rat +ve, behavioral 
deficits Medium Adams 1981/82 
Cyclophosphamide Rat +ve, induced 
malformations Medium Trasler 1985/86 
Cyclophosphamide Mouse +ve, induced 
malformations Large Jenkinson 1987 
Enflourane Rat -ve, reproductive 
effects Medium Halsey 1981 
Halothane Rat -ve, reproductive 
effects Medium Halsey 1981 
Ethanol Mouse -/+ve, t prenatal 
mortality Large MacDowell 1927 
Ethanol Rat +ve, abnormalities 
dominant lethals Small Mankes 1982 
Ethanol Mouse -ve, abnormalities Medium Randall 1982 
27 
Table 1.1 (continued) 
Agent Species Response Group Size Reference 
Ethanol Mouse +ve, altered sex- 
ratio, T mortality Very small Anderson 1978 
Ethanol Mouse +ve, fertility Very small Anderson 1981 
Ethanol Rat +ve, pre-weaning 
survival Not known Pfeifer 1977 
Ethanol Rat +ve, ýpre-natal 
survival, altered 
sex-ratio Small Klassen 1976 
Ethanol Guinea- +ve, pre-weaning 
pig survival Medium Stockard 1913 
Ethanol Rat +ve, litter size 
L foetal weight Small Tanaka 1982 
Ethanol Mouse +ve, dominant 
lethality Medium Badr 1975 
Ethylene Rat +ve, behavioural 
dibromide deficits Medium Fanini 1984 
EMS Mouse +ve, sterility in Large Cacheiro 1973 
offspring 
Ethynitrosourea Rat +ve, T tumours pre- 
weaning mortality Small Tomatis 1981 
Ethynitrosourea Mouse +ve, electrophoretic 
variants Large Johnson 1981 
Ethynitrosourea Mouse +ve, skeletal 
abnormalities Medium Selby 1984 
Ethynitrosourea Mouse -ve, skeletal 
abnormalities Medium Lovell 1985 
Lead Rat +ve, 4. litter size 
pup weight and 
survival Medium Stowe 1971 
Lead Rat +ve, I learning 
ability Small Brady 1975 
LSD Pleu rodeles +ve, skeletal 
defects Small Belanger 1975 
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Table 1.1. (continued) 
Agent Species Response Group Size Reference 
Methadone Rat +ve, I pup weight 
and survival Medium Soyka 1978 
Methadone Rat +ve, dominant 
lethality, Ch. 
aberrations Medium Badr 1979 
Methadone Rat +ve, altered 
behaviour Small Walz 1983 
Morphine Rat +ve, survival Small Smith 1975 
Morphine Mouse +ve, pup weight Not known Friedler 1974 
Morphine Mouse +ve, dominant lethals 
C h. aberrations Medium Badr 1983 
MNU Mouse +ve, induced 
malformations Large Nagao 1987 
Procarbazine Mouse +ve, SLM Large Ehling 1979 
TEPA Mouse +ve, sterility in Large Epstein 1971 
offspring 
Thio-TEPA Mouse +ve, enzyme 
variants Large Paschin 1984 
Thalidomide Rabbit +ve, malformations 
t mortality Small Lutwak-Mann 1964 
Thalidomide Rat +/-v e, malformations Small Hussain 1970 
Gamna-rays Mouse +ve, skeletal 
abnormalities Large Selby 1977 
Gamma-rays Mouse +ve, dominant Kratochvilova 
cataracts Large 1979 
Gamma-rays Mouse +ve, skeletal Bartsch- 
defects Large Sandhoff 1974 
X-rays Mouse +ve, malformations 
heri table tumours Large Nomura 1982 
X-rays Mouse +ve, malformations Large 
Kirk 1984 
X-rays Mouse +ve, malformations Large 
Rutledge 1986 
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Table 1.2. Summary of Epidemelogic Studies on Reproductive Outcomes 
Following Xale Exposure 
Agent Effect Reference 
Anaesthetics +ve, t congenital abnormalities in 
children of operating-room 
personnel Cohen 1974 
Anaesthetics +ve, T spontaneous abortion in 
wives of exposed dentists Cohen 1975 
Anaesthetics +ve, T congenital abnormalities in 
children of exposed males Spence 1977 
2,4,5-T -ve, for congenital defects 
and miscarriages Smith 1982 
2,3,7,8-TCDD -ve, reproductive effects in small 
acute exposure group May 1982 
Agent Orange -ve, reproductive hazard Donovan 1983 
Agent Orange -ve, reproductive hazard Erickson 1984 
Agent Orange -ve , reproductive hazard Lathrop 1984 
Agent Orange +ve, reproductive hazard, congenital Constable 1985 
abnormalities Review of nine 
Vietnamese 
studies 
Dioxins -ve, pregnancy outcome Townsend 1982 
DBCP +/-ve, possible alteration 
of sex-ratio Potashnik 1984 
DBCP +ve, T spontaneous abortion Kharrazi 1980 
Hydrocarbons +ve, correlation with child- 
hood malignancy Fabia 1974 
Hydrocarbons -ve, correlation with child- 
hood malignancy Hakulinen 1976 
Hydrocarbons -ve, or weak correlation with child- 
hood malignancy Kwa 1980 
Hydrocarbons -ve, correlation with child- 
hood malignancy Zack 1980 
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Table 1.2. (continued) 
Agent Effect Reference 
Hydrocarbons -/+ve, weak correlation with child- 
hood malignancy Hemminki 1981 
Hydrocarbons +ve, correlation with child- 
hood brain tumours Peters 1981 
Lead +ve, association with Wilm's 
tumour Kantor 1979 
Dinitrotoluene & 
Toluene diamine -ve, reproductive hazard Hami 11 1982 
Styrene -ve, congenital malformations Harkonen 1984 
Vinyl chloride +ve, T fetal loss Infante 1976 
Radiation -ve, no induced mutations in 
offspring of atomic bomb 
exposed survivors Neel 1980 
Radiation -/+ve, no statistically sig. 
effect but in all parameters 
increases followed the 
presumed direction Schull 1981 
Radiation +ve, t birth defects in uranium 
mining area Wiese 1981 
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Greek philosophers discussed the harmful effects of maternal drinking 
while many physicians and writers made observations during England's Gin 
Epidemic (1720-1750) detailing the detrimental effects of alcoholism on 
offspring (Warner and Rosett, 1975). In the late 19th and early 20th 
century, several scientists published experimental studies indicating the 
det0mental ef fects of both maternal and paternal drinking on their 
offspring (Stockard, 1913; Pearl, 1917; Macdowell and Lord, 1927). In the 
1920's and 40's some workers using slightly different techniques, found 
results opposing those of Stockard and Macdowell (Hanson and Cooper, 1930; 
Durham and Woods, 1932). In recent years the effect of maternal alcohol 
consumption prior to and during gestation has been recognised to result in 
the 'f oetal alcohol syndrome' (Jones et al., 1974; Tenbrinck and Buchin, 
1975), whereas the effect of paternal alcohol consumption on offspring is 
still a contentious issue. 
Animal. Studies. One of the earliest of recent papers addressing the problem 
of paternal alcohol consumption is that of Badr and Badr (1975). They 
present the results of three acute experiments to determine the potential 
for induction of dominant lethal mutations in male germ cells of miceby 
ethanol. Three daily doses of 0.1 ml of 40% or 60% ethyl alcohol resulted in 
highly significant, dose-related increases in dominant lethality in those 
matings corresponding to the late spermatid stages at the time of 
treatment, without any ef fect on mating performance. One pup was born to an 
alcohol-treated sire which was growth retarded and had craniofacial 
abnormalities. 
In terms of human alcohol consumption, acute experiments may relate to 
'binge' drinking, whereas most concern is generally directed towards chronic 
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alcohol consumption, and this is reflected in animal experimentation in that 
the majority of experiments have used long-term dosing regimens. 
Klassen and Persaud (1976), have descibed the results of a study in 
which male rats recieved a liquid diet containing 6-10% ethanol for 36 
days. Evaluation of day 20 pregnancies of females mated to ethanol treated 
males revealed a marked effect on the number of successful matings and a 
significant reduction in litter size indicating either a reduction in 
fertility in the alcoholic males or an increase in f ertilised, pre- 
implantation losses. The latter was strongly indicated by the corresponding 
high level of early post- implantation losses, i. e. around 57% compared with 
6% in the control group. It has been shown that pre- implantation losses can 
be caused by more severe chromosomal damage than that which causes post- 
implantation deaths (Kratochvilova, 1978). Although the results of Klassen 
and Persaud support the conclusion of Badr and Badr, that ethanol is 
clastogenic in rodent male germ cells, the small numbers of animals and 
litters obtained limit the strength of the data. In an abstract, Pfeifer et 
al., (1977) have reported the results of a similar study in rats that 
resulted in a reduction in litter size and also a reduction in pre-weaning 
pup survival. 
An investigation into the reproductive ef fects of chronic ingestion of 
5% ethanol was conducted by Anderson et al., (1978) using male C57B1 mice. 
Although the litter size in the treatment group was only approximately 50% 
that of the control group and the postnatal survival rate was 12% conpared 
with 100%, the data were derived from only a handful of matings and can 
only be indicative of an effect. A follow-up study by Anderson et al., 
(1981), although claiming an effect on pup birth-weight, was again 
compromised by the very small numbers of experimental litters. In a more 
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comprehensive study using C3H mice treated with 30,20 or 0% alcohol in 
isocaloric diets, no differences were detected in terms of the number of 
implantation sites, prenatal mortality, foetal weight, sex ratio or frequency 
of soft tissue malformations (Randall et al., 1982). 
Mankes et al., (1982) reported that 20% (v/v) ethanol in the drinking 
water f or 60 days resulted in testicular weight reductions and quantitative 
changes in testicular histology. Furthermore, in the day 20 litters of such 
males, an increase in the number of early deaths was seen and a remarkable 
increase in 'soft tissue' malformations from 12% in the control group to 
55% in the ethanol group. The malformations included microcephalus, cranial 
f issure and hydronephrosis. The very high level of malformations in the 
control group suggests that there was a problem either with the strain of 
rat used (Long-Evans) or with the evaluation of malformations. In a similar 
experiment using a 30% (v/v) ethanol in drinking water, and chronic dosing 
regimens in male Wistar rats, Tanaka et al., (1982) reported reduced litter 
sizes and reduced average pup weights.. 
As noted above, ethanol has been shown to produce dominant lethal 
mutations in male mice (Badr and Badr, 1975), it also produced chromatid 
aberrations in Vicia faba root tip meristems as are induced with typical 
mutagens, e. g. alkylating agents (Rieger et al., 1975). Also, significant 
increases in chromatid aberrations in cultured human lymphocytes exposed to 
1.2% ethanol have been reported (Bregman, 1971) and significantly higher 
levels of chromatid and chromosome exchange f igures are reported in the 
blood lymphocytes of chronic alcoholics (Obe and Herha, 1975). 
F-pideminlogical Studies witb Fthanol. The association of chronic alcoholism 
with male reproductive failure has been recognised for many years 
(Wethersbee et al., 1978). The effects include loss of libido, testicular 
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atrophy, impotence and altered hormone levels. The effects of maternal 
alcohol consumption in terms of the Foetal Alcohol Syndrome (FAS) and low 
birth weight is now generally accepted and even moderate intake of alcohol 
by pregnant women is advised against. However, reports of children with 
symptoms of FAS born to ex-alcoholics (Scheiner et al., 1979) suggests that 
the aetiology of FAS may not be limited to pregnancy but could be related 
to the past drinking habits of either or both parents. 
Surprisingly, with an agent as ubiquitious as ethanol, no 
epidemiological studies correlating paternal alcohol consumption with 
pregnancy outcome have been reported, although it has to be conceeded that 
to exclude the many variables to determine a causal relationship would be 
extremely dif f icult. 
Agent Orange was the most widely used defoliant during the Vietnam 
war. Consequently, many thousands of U. S. and Australian troops as well as 
Vietnamese soldiers and civilians were exposed to varying quantities of 
this herbicide. Also, the constituent chemicals contained in Agent Orange 
are or were used for spraying agricultural crop f ields, thereby exposing 
sprayers, farmers and local inhabitants. Therefore, any potential 
reproductive toxicity possessed by any of the chemicals in Agent Orange 
should be determined and quantified. 
Agent Orange consists of a mixture of two phenoxyacetic acid 
herbicides, 2,4-dichlorophenoxyacetic 
trichlorophenoxyacetic acid (2,4,5-T) 
acid (2,4-D) and 2,4,5- 
plus the contaminant 2,3,7,8- 
tetrachloro-p-dibenzodioxin, also known as dioxin. 
In rodents, all three chemicals have been shown to be either 
teratogenic, foetotoxic or both (Courtney et al., 1970; Courtney and Moore, 
A 
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1971; Smith et al., 1976; Sparschu et al., 1971). Also, all three components 
have been shown both positive and negative in both prokaryotic and 
eukaryotic mutagenicity test systems indicating that Agent Orange does have 
mutagenic potential (Review, see Friedman, 1984). The cytogenetic effects of 
Agent Orange are equally variable with both positive and negative results 
being reported in In vitr-o test systems and In vivo studies (Friedman, 
1984). Cytogenetic studies of exposed individuals have also given equivocal 
results although most of the studies suffer from small numbers of subjects 
or poor experimental design. 
Animal Studies with Phenoxy Acid Herbicides. The dominant lethal test 
detects chromosomal anomalies that result in embryonic death, but with a 
slight variation in methodology, also allows the detection of the potential 
of chemicals to induce non-lethal, transmissible effects in the F, 
generation. Many agents that induce dominant lethals in exposed males also 
induce heritable translocations, recessive lethals and non-lethal dominant 
mutations such as skeletal abnormalities. 2,4-D has been reported as 
negative in the dominant lethal assay (Epstein et al., 1972>. 2,4,5-T 
(Buselmaier et al., 1972) and TCDD (Khera and Ruddick, 1973; Murray et al., 
1979) have also been reported as negative in the dominant lethal assay 
when administered to males which were subsequently mated to untreated 
females. It is not too surprising therefore, that a mixture of the three 
agents resembling Agent Orange also gave negative results in the dominant 
lethal assay and furthermore, gave no significant differences in the 
development and survival of offspring of treated male mice and offspring of 
control males (Lamb et al., 1981). The study of Lamb et al. was 
designed so 
that if the overall percentage of malf ormed f oetuses (3% in controls) was 
doubled in one of the experimental groups, there was a 90% chance that it 
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would have been detected. No signif icant increases in abnormal f oetuses 
were seen in any of the treatment groups. 
Epidemiological Studies with Phenoxy Acid Herbicides. Smith et a]., (1982) 
reported a postal survey of New Zealand agricultural chemical sprayers 
heavily exposed to several herbicides, most commonly 2,4,5-T (TCDD 
contamination unknown). No significant differences were observed between 
the frequencies of stillbirths, miscarriages or congenital malformations 
among the offspring of sprayers who had used 2,4,5-T during the year of 
conception or in the previous year and the frequencies of unexposed control 
fathers or sprayers who had not recently used 2,4,5-T. There have been 
several investigations into the result of population exposure to herbicides 
containing 2,4,5-T and approximately one-third have formed a positive 
conclusion from the data while the remaining two-thirds have reached 
negative conclusions (U. S. Environment Protection Agency, 1979; U. S. 
Department of Defense, 1970; National Research Council, 1974; Field and 
Kerr, 1979; Thomas, 1980,1982; Hanify et al., 1982; Smith et al., 1981, 
1982). Virtually all of these studies suf fer from one or more of the common 
problems with epidemiological studiest i. e. under- reporting, incomplete 
ascertainment and small numbers. 
With regard to TCDD, several studies have been published following the 
industrial accident at Seveso, Italy, where a chemical plant suffered an 
explosion that exposed 156 employees and potentially a surrounding 
population of 37,000 persons to TCDD. The majority of these studies gave 
negative correlations (Reggiani, 1978,1979; Rehder et al., 1978; 
Pocchiari 
et al., 1979; Bisanti et al., 1980) although one study 
(Tognoni and 
Banaccorsi, 1982) gave a statistically significant increase in spontaneous 
abortions 9-15 months after the accident and a statistically significant 
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increase in birth defects 18-30 months after the accident in exposed areas 
compared with non-exposed areas. When taking into account the results of 
animal studies with TCDD, the effects seen in Italy, if they were not due to 
differences in ascertainment, were probably the result of female exposure 
rather than of male exposure. 
Two studies of male employees occupationally exposed to estimated low 
levels of TCDD have been published. One study was based on a small number 
of subjects (May, 1982) while the other, conducted by Dow Chemicals, was on 
a much larger sample (Townsend et al., 1982). Neither study found any 
evidence that TCDD exposure had produced any adverse effects in the 
offspring of the employees recruited for the study. 
With regard to Agent Orange, several epidemiological studies have been 
reported, some concerning Australian and American servicemen (Donovan et 
al., 1983; Erickson et al., 1984; Lathrop et al., 1984) and others concerning 
effects on the Vietnamese population, both military and civilian (Review, 
Constable and Hatch, 1985). The studies concerning non-Vietnamese military 
personnel suggest that service in Vietnam, did not in itself, raise the risk 
for fathering malformed offspring. However, beyond that, the uncertainties 
concerning exposure levels, temporal association, the active ingredient in 
Agent Orange and its mechanism of action prevent any firm conclusions. A 
paper by Hatch and Stein (1986) gives the opinion that epidemiology has 
reached its limit regarding this question because of the number of 
unknowns. Constable and Hatch (1985) review nine Vietnamese papers, not 
published in the West, presented at an International Symposium held in HO 
Chi Minh city in 1983. All the studies were consistent in reporting an 
association between presumptive paternal exposure to herbicides prior to or 
at conception and congenital defects in subsequent offspring, particularly 
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certain types of anomaly (anencephaly, orofacial defects). The strength of 
the association demonstrated in the data varied among studies. It may be 
that aside from the many problems inherent in obtaining and analysing 
epidemiological data, another confounding variable in Agent Orange exposure 
could be the level of TCDD contamination. TCDD is a potent inducer of 
cytochrome P-448, which metabolises toxic chemicals and carcinogens 
(mutagens) to their proximate reactive metabolites. The ef fect of TCDD or 
Agent Orange on the offspring of exposed fathers could therefore depend on 
the simultaneous exposure to other chemicals. 
Public concern over the effects of radiation exposure is at a high 
level throughout the developed world. Reports of an increased incidence of 
cancer in the local population living near the Sellafield reactor and 
reprocessing plant in Great Britain (Cutler, 1983), the accident in the 
nuclear reactor at Three Mile Island in the U. S. A., Chernobyl in the U. S. S. R. 
and investigations into the ef fects on servicemen of radiation exposure 
during the atomic bomb tests at the Maralinga Test Site in Australia, have 
all concentrated awareness to the inherent dangers of ionising radiation. 
It is known that ionising radiation can cause both somatic and germ 
cell mutations, the former giving rise to potential cancer cells and the 
latter producing effects in the offspring which include f oetal death, 
abnormalities and heritable diseases. Obviously, germ cell mutations can 
arise in both males and females. Therefore, there is a need to characterise 
and quantify the effects of exposure to both chronic low levels and acute 
high doses of radiation. 
Animal- Studies with RadiatJ&m, Over a period of fourteen years Taisei 
Nomura (Nomura, 1982) generated an enormous quantity of data in 
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experiments of parental exposure to X-rays. The results clearly 
demonstrated a statistically significant increase in the incidence of 
anomalies detected in 19 day old foetuses and in 7 day old offspring of X- 
ray irradiated male mice. Furthermore, a significant increase in the 
incidence of tumours in the 8 month old offspring of X-ray irradiated male 
mice was shown. A higher rate of anomalies was detected in the f oetuses 
than in the live-born pups because many of the anomalies are incompatible 
with extra-uterine life. 
The predominant non-lethal anomaly, open eyelid, was shown to be 
transmissible and also the lung tumours induced in the F, offspring of 
treated males were transmitted with a pattern of inheritance of a dominant 
gene with about 40% penetrance. Nomura reasoned that "if germ-line mutation 
leads to heritable tumours, all cells composing the lungs must be mutated 
and have an equal liklihood of f orming tumours", and 90% of tumours seen in 
the F, mice of the previous study, were of the lung. When the offspring of 
mice that had been irradiated with 216 rad of X-rays were dosed with 
urethane (a mutagenic tumour promoter) a large number of offspring (18.0%) 
developed large clusters of tumour nodules in the lung whereas only 2.8% 
did so in the non-irradiated control (Nomura, 1983). Furthermore, the F, 
offspring of X-ray irradiated parents showed a 1.4 fold increase in the 
incidence of lung tumour clusters when dosed with urethane, indicating an 
enhancement of penetrance. This suggests that while the offspring of 
exposed males may show quite modest increases in the incidence of adverse 
phenotypes, their sensitivity to the ef fects of mutagens and carcinogens 
may be greatly enhanced. 
Kirk and Lyon (1984) have reported the results of two experiments 
examining the effects of X-ray exposure on pre-meiotic and post-meiotic 
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germ cells of male mice. Animals were exposed to varying doses (108-504 
cGy) of X-rays and subsequently mated to females so as to sample treated 
spermatozoa, spermatids and spermatogonial cells. The authors concluded 
that the induced congenital malformations (dwarfism and exencephaly being 
the most common) may have been due to a mixture of types of genetic 
change, similar to those involved in specific locus mutations and dominant 
visible mutations. One problem with the data presented by Kirk and Lyon 
was the variability of control levels of congenital abnormalities which in 
one unusual case was higher than the value f or the corresponding irradiated 
series. 
Although distressing to the parents involved, small increases in the 
numbers of spontaneous abortions and congenitally malformed babies may go 
unnoticed by the population as a whole and may form only a small part of 
the risk-benefit analysis of a drug or environmental hazard. If, however, 
these ef fects are only a small proportion of the total germ cell genetic 
damage resulting f rom exposure to mutagens and if the majority of these 
effects are heritable, then obviously they require more attention than has 
been attributed previously. 
Nearly twenty years ago it was shown (Ehling, 1966) that radiation can 
induce relatively high levels of dominant mutations causing skeletal 
abnormalities in the F, offspring of exposed male mice. Much later this 
work was continued by other workers (Selby and Selby, 1977). In a large 
experiment, males were exposed to a fractionated dose of y-irradiation (100 
400 rad, 24 hours apart) and mated so that spermatozoa derived from 
exposed spermatogonial cells could be sampled. Of 2,646 F, males, 37 were 
concluded to be mutants of which 31 were proven by breeding tests, giving 
an incidence of about 1.4% induced 
dominant skeletal mutations. 
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Some criticisms of this work include the lack of concurrent 
unirradiated. controls and the failure to locate any of the mutated genes, by 
classical genetical methods, to a particular chromosome. 
Another endpoint used to measure the frequency of induced dominant 
mutations due to Y-irradiation of male mice is that of cataracts 
(Kratochvilova and Ehling, 1979). This may be particularly relevant to man 
because of the 583 well established dominant disorders in man, 3.1% are 
associated with various forms of cataract (McKusick, 1975). In this study, 
the offspring of irradiated and control (101 x CBH) F, hybrid mice were 
examined biomicroscopically with a slitlamp. No heritable lens 
abnormalities were found in the Fo generation or in the F, offspring of the 
control group, whereas 7 cataract mutants were observed among the offspring 
of the irradiated males (455 + 455 rads, Y-rays 24 hours apart). For all of 
the mutants the dominant character of the mutations was confirmed by 
breeding tests. A recent study by Rutledge et al., (1986) indicated an 
association between the frequencies of X-ray induced reciprocal 
translocations in the germ cells of exposed male mice and the incidence of 
congenital abnormalities in their offspring. Furthermore, a difference in 
the frequency of induced malformations in two hybrid stocks of mice 
paralleled the difference in X-ray induced embryonic lethality noted 
previously (Generoso et al., 1985) suggesting that the genetic background in 
a test animal can markedly affect its response to a mutagen. 
The literature on the ef fects of ionising radiation on the induction of 
mutations that lead to heritable and lethal phenotypes in the 
F, offspring 
is extensive and only some of the more recent publications 
have been 
mentioned, the UNSCEAR 1977 report gives a more comprehensive 
bibliography. 
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EpIdia al Studies with Radiation. The largest human populations 
acutely exposed to radiation are those of Nagasaki and Hiroshima. Studies 
of the genetic effects of atomic bombs have been in progress in these 
cities since 1946. Different approaches have been used ranging from 
morphological, pregnancy outcomes, cytogenetic and biochemical. 
One indicator of induced mutation in the offspring of the atomic bomb 
survivors has been studied by Neel et al., (1980). They searched for 
mutations that resulted in changes in protein structure detected by starch 
gel electrophoresis. No increase in the mutation rate for 28 different 
protein phenotypes was detected in a total of 289,868 locus tests. However, 
due to the relatively low exposure levels , the data does not preclude the 
detection of a doubling or tripling of the expected mutation rate. 
Many genetic indicators have been used to study the effects of the 
radiation released by the atomic bombs on the offspring of exposed parents. 
Four of these indicators (frequency of untoward pregnancy outcomes, 
occurrence of death in live-born children, frequency of children with sex 
chromosome aneuploidy and frequency of children with mutation resulting in 
an electrophoretic variant) have recently been reappraised by Schull et al., 
(1981). They found no statistically significant results although for all the 
indicators the observed effect was in the direction supporting the 
hypothesis that the radiation exposure of the parents resulted in an 
increase in genetic damage. 
Following the Yorkshire Television (YTV) programme "Windscale - The 
Nuclear Laundry" shown on ITV on 1st November 1983, an independent inquiry 
was set up by the Minister of Health, headed by Sir Douglas Black, to 
investigate the possible increased incidence of cancer in West Cumbria 
(Report of the Independent Advisory Group). The report concluded that the 
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incidence of leukaemia in Seascale was unusual but not unique and also that 
calculations provided by the NRPB based on a model population of the young 
people in Seascale did not support the view that the radiation released 
from Sellafield was responsible for the observed incidence of leukaemia in 
Seascale and its neighbourhood. However, many people are dissatisfied with 
the statistical attitude of the report and the investigations are certain to 
continue. 
A Royal Commission into the British tests of atomic devices in 
Australia in the 1950s and 60s was set up in August of 1984. It will report 
on the effects on the health of people near the blasts, as well as on the 
effects on the environment. It will be very interesting if they present data 
on the offspring of the thousands of military servicemen who were involved 
in the experiments. 
The regrettable nuclear accident at Chernobyl will almost certainly 
provide the most clear epidemiological data with regard to accidental 
radiation exposure and it will be interesting to see the results of the 
inevitable studies in future years. 
Cyclophosphamide. 
Cyclophosphamide (CP) is used in human medicine as an antineoplastic 
agent in a variety of applications. It is administered by both the oral and 
parental routes in the treatment of Hodgkins disease, many types of 
neoplastic diseases and various leukaemias, especially 
in children. It is a 
potent immunosuppressive agent and is used 
to prevent rejection episodes 
following renal, hepatic and cardiac transplantation and 
is also used for 
conditioning patients for bone-marrow 
transplants. CP can cause sterility 
in people of either sex, it can 
damage the germinal cells in prepubertal, 
pubertal and adult males 
(Berry et al., 1972; Penso et al., 1974; 
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Gilmore et al., 1979; Watson et al., 1985) and can cause premature ovarian 
failure in females (Koyana et al., 1977). 
CP is a well recognised mutagen in many short-term tests such as the 
Ames test (McCann et al., 1975), and the mouse lymphoma L5178Y assay (Clive 
et al., 1979), and can produce chromosomal aberrations both in vitr-c 
(Benedict et al., 1978) and in vivo in somatic cells (R6hrborn and Basler, 
1977) and in spermatogonial cells (Machemer and Lorke, 1975). It induced 
recessive lethal mutations in Drosqpbila (Bertram and H6hne, 1959) and 
produced significant increases in dominant lethal mutations in both mice 
and rats (Anderson et al., 1976; Knudsen et al., 1977). 
Ainimal Studies. With the increasing use of CP in therapeutic areas other 
than cancer chemotherapy and with increasingly better prognosis f or cancer 
patients, the possibility of reproductive effects due to CP treatment 
becomes of greater concern. With this in mind, Botta and colleagues (1974) 
conducted a study into the ef fects of low levels of CP on the reproductive 
performance of rats. Both male and female rats were fed a diet containing 
0,1 or 3 mg/kg/day CP through f our generations. Also, matings between 
untreated females and treated males and vice versa were performed. 
Treatment of males only, with 4.5 mg/kg/day of CP resulted in no change in 
pregnancy rate over the 42 day treatment period but resulted in a marked 
drop in the mean number of foetuses per litter from 9.1 at seven days to 
4.4 at forty-two days; no similar change was seen in the controls. 
The authors speculate that these results are compatible with the 
concept that CP may exert untoward effects on reproductive processes 
directly through it's cytotoxic action and that no indications of 
mutagenesis were found. On the contrary, it would appear that the results, 
especially where the male only was treated, are entirely compatible with an 
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increase in the induction of dominant lethals. This is impossible to prove 
from the data presented because the uteri of the females were not examined 
for dead implants, a sign of dominant lethality. 
The ability of CP to produce heritable reciprocal translocations in the 
F, sons of treated male mice has been extensively studied by Sotomayer and 
Cumming (1975). Forty male mice MH x 101) were injected with 350 mg/kg 
body weight of CP, subsequently, serial matings with T-stock females 
produced 508 F, males that were studied by breeding tests and cytological 
methods. Thirty-nine of the F, males were semi-sterile and 9 were fully 
sterile, the majority resulting from germinal cells exposed at the post- 
meiotic phase of the spermatogenic cycle. Six of the semi-sterile males 
were derived from treated spermatogonial cells, although none of these six 
showed evidence of reciprocal translocations. The absence of cytological 
abnormality can indicate either the failure of quadrivalent formation in a 
translocation heterozygote or a cause of partial sterility other than 
reciprocal translocation (Lyon and Meredith, 1966). The other possible 
causes include small deletions or point mutations at critical loci. 
The theory that chemicals or physical agents that cause chromosomal 
aberrations leading to dominant lethality may also result in genetic 
damage 
that leads to congenital malformations in the offspring of exposed males 
was studied by Knudsen et al. (1977). They proposed a method 
for the 
simultaneous detection of germ cell mutations leading 
to foetal death 
(dominant lethality) and of malformations (male teratogenicity). They 
showed that the dominant lethal index induced 
by various doses of CP was 
virtually identical whether the uteri of 
female rats impregnated by exposed 
males were examined on days 
12-16 (as is usual in dominant lethal 
protocols) or on day 21 (as 
is usual for teratogenicity studies). The 
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advantage of terminating the pregnancy on day 21 is that thorough 
teratogenicity style examinations of the foetuses can be performed. Their 
results on the induction of gross external malformations were equivocal. 
Combining the data of weeks 1-4 after treatment of the males, two 
brachygnathias (same father) and one hydrocephalus combined with abdominal 
eventration were observed in the 25 mg/kg group, one hydrocephalus in the 
50 mg/kg group and one anasarca in the 100 mg/kg group. No gross external 
malformations were seen in the control group. In terms of percentage of 
live foetuses, the incidence of abnormalities showed no dose-response 
relationship (25 mg/kg - 0.69%, 50 mg/kg - 0.30%, 100 mg/kg - 0.75%) and if 
the 3 dose levels are combined, the overall incidence is 0.55%. The sporadic 
levels of gross abnormalities seen in another outbred stock of rats (CD - 
Charles River) was 0.41% (Palmer, 1972). The consequence of using outbred 
stocks which may carry recessive genes that appear sporadically are 
discussed by Le Bail et al., (1983). 
The authors state that an evaluation of the minor malformations would 
be included in the final publication, unfortunately this data appears to 
remain unpublished. 
In recent years, a series of papers have been published detailing the 
results of a programme of experiments investigating alterations of 
behaviour in the offspring of CP treated male F344 rats, (Adams et al., 
1980,1982; Fabricant et al., 1983). In these studies male rats were either 
dosed acutely with CP (10 mg/kg) or chronically (10 mg/kg/5 days/5 weeks). 
Subsequently, matings with drug naive females were performed and the F, 
offspring evaluated in a series of behavioural pre-weaning tests against 
control F, offspring. 
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The results of the chronic CP treatment showed significant deficiencies 
in the development of cliff avoidance reflexive behaviour and swimming 
ability, and open-field locomotor activity was greater in the progeny of 
treated males. There was no difference in the acquisition of the active 
avoidance behaviour of the two groups but the performance of this behaviour 
was extended in the offspring of the treatment group. The results of the 
acute dose regimen were similar but the ef fects were seen only in the 
offspring of treated spermatids indicating that this is the sensitive stage 
of spermatogenesis for these effects. Following brother-sister matings of 
the F, offspring, some of these behavioural deficiencies were seen in the 
F--,. offspring but not all and some of the ef fects were reversed, i. e. open- 
f ield hypoactivity as opposed to hyperactivity. 
None of the behavioural deficiencies were permanent, that is in all 
cases the pups with retarded development always caught up with the control 
pups. In none of the reports is there any suggestion that the behavioural 
tests were scored blind, though it is usual f or assays that are subjective 
in nature to be performed without the operator knowing the identity of the 
subject. The authors speculate that these behaviours are under polygenic 
control but without more extensive backcross and heritability studies it is 
difficult to make any firm conclusions. 
]Epidemiological Studies with Cyclophosphamide. Most reports in the 
literature are restricted to anecdotal medical reports and surveys of 
occupationally exposed female nurses (Selevan et al., 1985). Many of the 
anecdotal reports give details of several cases. Russell et al., 
(1976) 
describe two cases of male patients treated with combination therapy 
(including CP in 1 case) for acute myelogenous leukaemia, both of whom 
fathered offspring with congenital abnormalities soon after chemotherapy 
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was stopped. It is impossible to reach any firm conclusion about the 
expression of mutations in the offspring of male cancer patients treated 
with CP, or other cytostatic drugs, because the data are not yet available. 
Two small surveys of the progeny of chi ldhood- cancer survivors report no 
excess of inherited defects in 124 patients with 55 offspring and 46 
patients with 107 pregnancies (Holmes and Holmes, 1975; Li and Jaf fe, 1974). 
The Childhood Cancer Research Group is organising a follow-up study of 
childhood cancer survivors in Britain and this should provide af irmer 
database (Editorial, BMJ, 1978). 
Lead has been used by man for thousands of years, in its elemental 
state f or the production of goblets and Jewellery and as various salts to 
form paints and glazes. Indeed, it has been postulated that the use of lead 
pots and containers f or wine and other acidic foods led to consumption of 
toxic levels of lead in the Roman and Greek eras (Gilf illan, 1965). In 
modern times, the use of lead has accelerated even if its use in traditional 
industries such as building and plumbing is declining. Various compounds of 
lead are used in paints, plastics, ceramics glass and petrol. 
The cumulative ef fect of centuries of use is that lead is now one of 
the most widely dispersed of environmental pollutants with an extended 
environmental residence time, particularly in the soil (Royal Commission on 
Environmental Pollution, Ninth Report, 1983). 
Animal Studies. At the beginning of this century, a study using male 
rabbits poisoned with leadshowed the detrimental effects of the metal on 
the offspring of treated males (Cole and Bachhuber, 1914). 
The progeny of 
these rabbits were both smaller in terms of number per litter and 
in terms 
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of birth weight. These ef fects were also shown in guinea-pigs where a 
reduction in post-natal survival was also noted (Weller, 1915). 
More recently a study into the ef f ects of lead acetate on the 
reproductive ability of Sprague-Dawley rats has shown significant effects 
(Stowe and Goyer, 1971). The maternal effects of lead toxicity upon the 
offspring prior to extrauterine life appeared to approximate to 1.5 times 
the paternal effects, and the maternal and paternal effects of lead toxicity 
were additive. 
Epidemiological Studies. Lead is universally distributed throughout the 
environment and consequently it is difficult to distinguish the direct 
ef fects of lead exposure on children from those mediated via their parents 
It is well established that when pregnant women are exposed to large doses 
of lead as, for example, occurred in the past from employment in some 
industries, an increased incidence of abortion, still-births and other ill- 
ef f ects to the f oetus may occur (Rom, 1976). Early reports have indicated 
similar effects where the father only was exposed to lead in industry at 
levels that would not be permitted today (Paul, 1960; Reid, 1911). 
The effects of lead on reproduction at blood concentrations that do not 
produce observable toxic effects have been given considerable debate and 
the evidence either way has not been convincing. However, recent surveys 
have regularly f ound up to one in twenty people, both adults and children, 
with more than 35 micrograms of lead per decilitre of blood and observable 
toxic effects can occur in adults at levels anywhere between 50 and 
150 
micrograms (New Scientist, 1984). Obviously there is still a need 
for some 
well designed studies to investigate the reproductive ef 
fects of lead 
exposure. 
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Morphine and methadone are related opiate analgesics, morphine is 
generally used as a pain-reliever for terminal patients while methadone is 
used in maintenance programmes for narcotic addicts. Over the last few 
years, the black market price of heroin has dropped dramatically and 
consequently there are many more people, especially teenagers, experimenting 
with this drug. It follows that there will be an increase in addicts with a 
parallel increase in methadone treatment. Therefore it is necessary to study 
the ef fects of this drug on the offspring of exposed males and f emales and 
their subsequent generations. 
Animal Studies with Methadone and Morphine. Friedler (1971) has shown that 
pregestational administration of morphine sulphate to female rodents 
results in a significant decrease in growth of both first and second 
generation progeny thus indicating a genetic involvement in the mechanism 
of this ef feet. She characterised this ef feet further by treating male mice 
with either saline or morphine sulphate f or 5 days (Friedler, 1974). Both 
F, and F-2 pups from the treatment group weighed significantly less than 
comparable control pups. Chromosomal analysis was conducted in some of the 
F, progeny but no consistent abnormalities in chromosome morphology were 
detected. 
At about the same time as the work done by Friedler, some other 
workers initiated a series of experiments to study the ef fect of morphine 
and methadone on the offspring of treated male rats (Smith et al., 1975; 
Jof fe et al., 1976; Soyka et al., 1978a; Soyka et al., 1978b). The endpoints 
that were studied included: pre-weaning survival, birth weights, weaning 
weights and altered behaviour as determined in the open-field test. 
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In an initial experiment comparing the pre-weaning survival rates of 
offspring sired by rats treated with either methadone or morphine, only 26% 
of the offspring sired by methadone- treated males survived for 21 days, 66% 
of the offspring sired by morph ine- treated males survived for 21 days 
whereas 90-95% of the control offspring survived until weaning. Subsequent 
studies were performed with methadone which appeared to be more potent 
than morphine, the dose used was 10 mg/kg s. c. for 1 to 12 days. A drug- 
induced lowering of birth weight was seen in the litters of methadone- 
treated males although this was confounded by an ef f ect of prior copulation 
on birth weights. The authors speculate that the methadone could have been 
acting at a critical time during maturation of the spermatozoa; 
alternatively, the ef fects, could be related to a changed composition of the 
various components of the semen. Methadone treatment resulted in more 
litters born with abnormally low numbers of pups (two to six per litter), 
this difference was statistically significant at the 2% level. Whether this 
was due to a reduced fertility of the males or an increase in dominant 
lethal mutations leading to foetal death was not determined. 
Over a series of five experiments whereby male CD rats were treated 
with methadone, varying the dose, duration and route Of administration, the 
absolute neonatal mortality rate was seen to vary from 4% to 
74%, although 
in each experiment the mortality of the treated group was at 
least double 
that of the control group. The effects of neonatal survival were only seen 
when an acute treatment regimen was used 
(1 to 12 days treatment before 
mating). Chronic administration of methadone, 
that is for 20 to 30 days 
prior to the test mating, resulted 
in litters of normal size, birth weight 
and neonatal viability. Additionally, matings after 
three months of daily 
methadone produced negative results 
in a dominant lethal test. 
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Since narcotic analgesics are known to reduce serum luteinising hormone 
and serum testosterone 
concurrently with mett 
signif icantly improved 
whether the ef fects on 
"testosterone only" and 
concentrations, the latter hormone was administered 
iadone in another study. The neonatal survival was 
when compared with a methadone only treatment but 
viability were totally negated could not be said as 
"solvent only" controls were not performed. 
The effect of methadone on development and behaviour of offspring in a 
multigenerational study (Walz et al., 1983), has been reported. The ef fects 
on viability of the offspring agreed with those of Soyka et al., 1978a, in 
that the chronic dosing regimen of 60 days treatment of 15 mg/kg methadone 
hydrochloride resulted in no difference between control pups and pups of 
treated sires. However, there did appear to be some behavioural changes in 
the offspring of treated sires. Neonatal mortality in the F, offspring 
where both parents had been treated with methadone was 21% compared with 
5% in the control group, however these offspring were exposed to methadone 
in utero and via the mothers' milk. The F2 generation also showed an 
increase in mortality in the treated group, i. e. 16% compared with 1% in 
controls, thus exposure of both parents to methadone at the pre-weaning 
stages resulted in a similar ef fect on viability of their of f spring as 
exposed as adults. There was no effect on viability in the Fa, generation 
progeny of the treatment group, consequently the authors concluded that the 
mechanism by which methadone induces its effect in the offspring is 
unlikely to be mutagenic. 
The mutagenicity of methadone hydrochloride has been assessed by the 
dominant lethal technique and by analysis of meiosis I spermatocyte 
chromosomes (Badr et al., 1979). No dose-related or spermatogenesis stage- 
related effects were seen in terms of fertility of the female mice mated to 
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the methadone- treated males although there were significant values which 
probably arose by chance. Dominant lethality is usually indicated by a 
dose-related, stage-specif ic increase in post- implantation deaths, but the 
results gave no support to the hypothesis that methadone induces dominant 
lethality in this way. However there were significant increases in numbers 
of "pre- implantation deaths per female" localised to mating times, and 
corresponding to spermatozoa and spermatid stages at the lower two doses, 
but extending into the spermatogonial stages at the higher doses. Pre- 
implantation loss is considered to be caused by more extensive chromosome 
damage than that which causes post- implantation death (Kratochvilova, 
1978). However, in this study no increase in post-implantation deaths 
attributable to treatment were seen. The authors based calculations of 
mutation index on total embryonic losses using an equation according to Cox 
and Lyon (1975) even though it was formulated specifically for dominant 
lethality induced in females. 
Highly significant increases in chromosomal aberrations including 
univalent chromosomes and translocations, were seen at all f our dose levels 
in the spermatocyte preparations (Badr, 1979). These increases gave a 
concave dose-response which was not reflected either in the increases in 
post- implantation deaths or in the increases in pre- implantation losses. 
Thus, although it appears that methadone can induce chromosomal damage in 
the spermatogonia of male mice, as detected in spermatocyte preparations, 
this damage is not expressed as post- implantation losses. Furthermore, the 
levels of translocation abnormalities seen in this study were extremely 
high, ranging from 10% of cells in controls to 20% in 
the methadone group. 
In a similar study using an F, hybrid of 
C3H mice, mitomycin C, a potent 
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mutagen was only able to induce translocations in 6.0% of cells treated 
with 5 mg/kg and the control level was only 0.1% (Adler, 1976). 
Badr et al. have reported a study very similar in design to that of 
their 1979 paper except that morphine sulphate was the drug under 
investigation. The results of the dominant lethal test showed significant 
increases in post- implantation deaths at either week 1 or week 3 post- 
treatment for each of the four, doses although the magnitude of the 
increases were not dose-related. Again, inconsistent increases in pre- 
implantation losses were seen although generally they were localised to 
spermatid stages. In the spermatocyte test there was a dose-related 
increase in chromosomal aberrations from 10% translocations per cell in the 
controls to 25% in the top dose group. A curious observation concerning the 
two studies by Badr et al. (1979,1983) is that the control data f or the 
dominant lethal studies and f or the two spermatocyte studies were 
identical, even though there are methodological differences in the way that 
the females were mated to the males in the dominant lethal studies. 
Smoking, 
The ef fects of smoking on reproductive aspects of the male have been 
investigated by several groups and contrasting results have been reported. 
Evans et al., (1981) reported a significantly higher percentage of 
morphological ly-abnormal spermatozoa in the ejaculate of 43 cigarette 
smokers attending an infertility clinic when compared with a matched group 
of non-smoking controls. This report was countered by a report on 
the 
comparison of sperm morphology in 101 non-smokers with 
58 smokers showing 
identical levels of abnormal forms in both groups (Rodriguez-Rigau et al., 
1982). Shaarawy and Mahmoud (1982), gave details of a comparison 
between 
several endocrine and semen parameters 
in 25 smokers and 20 non-smokers. 
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Sperm motility was depressed and the percentage of abnormal sperm 
increased in the smoking group, together with some changes in hormone 
levels. Campbell and Harrison (1979), suggest that the greater number of 
smokers than non-smokers, in a sample of 253 men showing reduced sperm 
motility and sperm density, may indicate smoking as a contributory factor 
to infertility. In a very thorough study on healthy male volunteers, Vogt et 
al., (1984) could find no significant differences in sperm parameters 
between smokers and non-smokers. 
In terms of the effects of paternal smoking on progeny, the reports are 
generally in agreement in that adverse effects can be detected. Borlee et 
al., (1978) found a reduction in birth weight of newborn babies whose 
fathers were smokers, a finding not confirmed by Yerushalmy (1962,1972) 
and McMahon et al., (1966). An increase in perinatal mortality in the 
offspring of smoking fathers has been reported (Comstock and Lundin, 1967; 
Mau, 1977) and some correlation between abnormalities in newborns and 
smoking in their fathers has been found. (Mau and Netter, 1974; Kn6rr, 
1979). 
The potential ef fects of smoking nay well be secondary and rely on 
simultaneous exposure to other chemicals. Smoking, like TCDD, is a potential 
inducer of cytochrome P-448, which metabolises toxic chemicals and 
carcinogens to their proximate reactive intermediates. 
In terms of laboratory experiments, the evidence that certain agents, 
namely ionising radiation and most alkylating chemicals, 
can adversely 
affect the reproductive outcome of exposed males 
is sound and convincimg. 
However, the effects seen have been modest and required relatively 
large 
acute doses. Furthermore, the mechanism 
by which these effects were 
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generated has not been demonstrated directly although the evidence in 
favour of a genetic mechanism, probably involving chromosome damage, is 
very strong. It is also obvious that many reports are based on poorly 
designed experiments with insufficient controls and numbers of animals. 
The epidemiological data is even more nebulus, with positive and 
negative correlations being reported on the weakest of evidence with scant 
regard f or the basic tenets of epidemiology. Rarely has any data been 
presented on the dose received, although it is very difficult (sometimes 
impossible) to estimate in retrospective studies, and little consideration 
has been given to length of exposure in relation to time of effect with 
regard to the process of spermatogenesis. Few attempts have been made to 
explain the effects, with suggestions of a possible mechanism of action. 
It would appear that the epidemiologists require a core of solid 
experimental data around which they could design more meaningful studies. 
Experimental data on the ef fects of male exposure must be derived from 
experiments where the unique aspects of the male reproductive system have 
been taken into account. 
1 . 7. KALE REPRODUCTIVE ORGAIRS. 
The basophilic cells of the pituitary produce follicle-stimulating 
hormone (FSH) and luteinising hormone (LH) under the control of releasing 
hormones generated in the hypothalamus. A negative feedback system f rom 
the gonads mediates this response with androgens and inhibin. 
The f oetal testes synthesize substantial amounts of androgens which 
play a critical role in the differentiation of 
the gonads and secondary sex 
characteristics. In the synthesis of 
testosterone from pregnenolone, the 
rate-limiting enzyme is the microsomal 
30-hydroxysteroid dehydrogenase 
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which oxidises the A ring hydroxyl of the steroid precursors. Free 
testosterone is transformed to a more active hormone, 5a - 
dihydrotestosterone (DHT), by 5a-reductase in the target tissue. 
Testosterone and DHT bind to specific cell receptors which mediate nuclear 
interactions which initiate DNA synthesis and RNA-directed synthesis of 
androgen-dependent proteins. Androgen synthesis by the foetal testis 
dictates changes in the Mullerian and Wolffian duct systems resulting in 
the phenotypical male sexual organs. 
The testes can be divided into two major compartments, the interstitium 
and the seminiferous tubules. The major function of the interstitium is the 
production of Leydig cells. Leydig cells are the imain site of' testosterone 
synthesis and are closely associated with blood vessels and the lymphatic 
space of the testis which facilitates the transport of testosterone from 
the Leydig cells into the tubules. LH stimulates steroidogenesis in part by 
increasing the hydrolysis of cholesterol esters to free cholesterol. 
Cholesterol is probably the source of all testicular steroid hormones. 
The seminiferous tubules contain germ cells (spermatogonia, primary 
spermatocytes, secondary spermatocytes and spermatids) and the Sertoli 
cells. The Sertoli cells control the immediate environment around the 
spermatocytes and spermatids, and are essential to normal spermatogenesis. 
The Sertoli cells appear to act as host cells for the developing germ cells. 
Sertoli cells and spermatogonia line the basal lamina of the tubule with 
other germinal cells either situated between adjacent pairs of Sertoli cells 
or embedded in the luminal margin of the Sertoli cell cytoplasm. 
Specialised junctions form where adjacent Sertoli cells meet and constitute 
an essential component of the blood-testis barrier, limiting the entry of 
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molecules into the adluminal compartment. Restriction of molecules seems to 
be based on molecular size and lipid solubility. 
Spermatogenesis is initiated during postnatal development and results 
in the formation of spermatozoa which contain a haploid number of 
chromosomes and which are capable, af ter maturation, of locomotion and 
penetration of the ovum. Spermatogenesis is characterised by the conversion 
of a specific undifferentiated stem cell into a highly differentiated cell 
type while retaining a spermatogonial reserve. Spermatogenesis involves a 
series of mitotic divisions of the spermatogonia, the number varying with 
the species, followed by meiotic divisions in the spermatocytes to give 
haploid spermatids. The early spermatids are small, round cells which then 
undergo prolonged and complex biochemical and morphological changes to 
give the mature sperm. 
Two classes of spermatogonia are present in the seminiferous tubules. 
The f irst, spermatogonia A, does not enter the normal process of 
spermatogenesis but continually divides by mitosis with a long cell cycle 
from 8 to 16 days depending on species. Cells leave the Class A state and 
pass into Class B where they are committed to spermatogenesis. Class B 
spermatogonia go through several mitotic divisions bef ore entering meiosis, 
the cells are then termed spermatocytes which undergo two meiotic divisions 
to reduce the chromosomal number and produce a cluster of spermatids. The 
nucleus of the early, round spermatid is of normal size with relatively 
dif fuse chromatin, and becomes progressively smaller as the spermatid 
matures so that the mature sperm has a very small nucleus with 
highly 
condensed chromatin. A further change in the male germ cell, at 
the stage 
of transition f rom the round to the elongated spermatid, 
is a change in the 
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chromosomal proteins with the formation of the arginine-rich histones or 
protamines characteristic of spermatozoa. 
The duration of spermatogenesis, and its various stages has been 
calculated in various species byas a combination of radioactive labelling 
methods and histological studies. In the spermatogenesis of the mouse, the 
time from spermatogonial divisions to mature spermatozoa, occupies about 35 
days and the sperm spend a further 7 days in the epididymis, so that the 
time from spermatogonial divisions to ejaculation is about 42 days. In man, 
the equivalent period is about 74 days. Thus, sperm sampled at specific 
times after treatment can be related to the germ cell type at the time of 
exposure. If matings with laboratory animals are taken serially then the 
damage to specif ic cell types can be analysed, (Table 1.3 
Table 1.3. Rodent germ-cell stages at mating weeks after exposure 
Weeks after 
exposure 
Rat Mouse 
1 Epididynal sperm 
2 Maturing spermatids 
3 Elongating spermatids 
4 Round spermatids 
5 Late spermatocytes 
Early spermatocytes 
Spermatogonia (B) 
Spermatogonia (B) 
Cell Type 
Epididymal sperm 
Testicular sperm/ late 
spermatids 
Early spermatids 
Spermatocytes 
Spermatocytes 
Spermatogonia (B) 
Spermatogonia (A) 
9 Stem cells (A) 
8ý 
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1.8. STRUCTURR All) LIM OF THIS TEMSTS 
The work upon which this thesis is based was conducted with the aim of 
identifying and characterising potential mechanisms of teratogenesis. 
Firstly, the potential of active oxygen species to induce teratogenic 
abnormalities was investigated in an In vitro embryo culture system. The 
methodology and validation experiments are described in Chapter 2 and the 
experiments using enzyme-induced oxygen radicals are presented in the third 
chapter . 
Secondly, the possibility that teratogenic ef fects can be expressed in 
the offspring of exposed males was explored. The relative effectiveness of 
acute and chronic dosing regimens were compared and the probable 
mechanism of such effects, identified. Chapters 4 and 5 describe these 
experiments and discuss the results obtained. Finally, Chapter 6 includes an 
overall discussion of the previous chapters. 
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CHAPTER 2. 
GENERAL XETHODS t XATER IALS AND VAL IEDAT ION EXPER IXENTS FOR 
Iff VITRO EXBRYO CULTURE 
2.1. I11TRODUCT ION 
For saf ety evaluation purposes, the potential teratogenicity of drugs 
and environmental chemicals is estimated by treating pregnant mammals, 
most commonly rats, mice and rabbits. In most countries, the test procedure 
takes the form of, or is based upon, the "Segment IP protocol proposed by 
the United States Food and Drug Administration in 1966, the details of 
which have been critically reviewed by Palmer (1981). A test substance is 
administered to pregnant females of two species (one a non-rodent) during 
the organogenesis period of embryonic development. The animals are killed 
just prior to parturition and the foetuses removed and examined for gross, 
visceral and skeletal abnormalities. The basic design has remained 
unchanged f or two decades and the tests are expensive, take many weeks to 
complete and use substantial numbers of animals. 
In all branches of toxicology, not least that of teratology, there has 
in recent years been a trend towards reducing the numbers of animals used 
in safety evaluation. The major reasons for this are 
threefold; i) the 
growing influence of the anti-vivisectionist 
lobby in many Western 
countries, ii) the economics of animal 
testing experiments are becoming 
unrealistic, iii) an increasing awareness 
in toxicologists of the scientific 
shortcomings of the protocols 
in use and the weak power of extrapolation to 
humans that they possess. BIBRA has also recognised 
these problems and has 
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in recent years, promoted a policy of research into alternative methods of 
safety evaluation. To this end, many different In vitro toxicologY 
methodologies have been and are being investigated. In terms of 
teratogenicity testing, it was decided to investigate the practicability of 
the whole embryo culture system as a means of predicting the teratogenic 
potential of a chemical, etc. 
Whilst this test system still requires a significant number of pregnant 
f emales it does reduce the total number of animals used (Brown and Freeman, 
1984). Furthermore, practically all of the developmental processes that 
occur In vivo are also evident in the embryo culture system, thus retaining 
a high degree of relevance. The absence of the maternal system can in this 
case be used to advantage, because the potential misleading results that 
may be obtained using non-human test systems can be partly or wholly 
circumvented by applying knowledge of human pharmacokinetic and metabolism 
data to this test system. 
The advantages of the whole embryo culture system as a teratogenicity 
screening assay can be listed: 
1) Rapidity: The results of teratogen treatment are known after 24 
to 48 hours compared with at least 21 days in conventional tests. 
2) Precise control over embryonic exposure is possible 
3) It permits the use of small quantities of expensive materials 
such as radiolabelled compounds. 
4) Dose responses can be calculated from fewer litters since the 
individual embryo, and not the litter, is the tested biological 
unit. Embryos of different litters can be mixed for treatment 
together. 
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5) Potentially confounding maternal variables are removed as 
possible causes of teratogenesis. These include stress and 
nutritional effects. Also, uterine position is eliminated as a 
variable affecting teratogen exposure of the embryo. 
6) The ef fects of unmetabolised (parent) compounds may be studied by 
addition of test substances to embryo cultures. These results may 
be compared with those from cultures with metabolic enzyme 
systems. These comparisons help def ine the role of maternal 
metabolism in the teratogenic potential of a compound. 
There are corresponding disadvantages with the embryo culture system that 
must also be considered when assessing the results generated by such 
systems. These too can be listed: 
1) The embryo culture methods are technically demanding and require 
a certain amount of skill and experience. 
2) The routes of administration of teratogens are not representative 
of those which occur In vivo. 
3) The relatively brief portion of organogenesis that is exposed, 
limits the number of developing systems accessible to the test 
compound and therefore limits the potential responses of the 
embryo. It has been shown that the number and variety of 
malformations in therapeutically aborted human embryos increases 
with gestational age, presumably as f ields for endogenous or 
exogenous teratogens increase (Nishamura et al., 1968). 
On the contrary, it is likely that other embryonic organs and 
tissues may show heightened sensitivity in vitro. Beaudoin and 
Fisher (1981) compared the teratogenicity of 10 compounds In vivo 
and In vitr-o and it was apparent that the defect patterns in 
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vitro did not always mimic those seen In vivo. 
4) The absence of the adult animal prevents the determination of 
the relative toxicity between the adult and embryo systems. True 
teratogens are toxic to the embryo at doses which are below the 
toxic threshold of the adult. 
On balance the whole embryo culture system appears to deserve some 
investigation as a means of investigating potential teratogenicity. The 
methods described in this chapter are based on those of Dr. N. Brown of the 
MRC Experimental Embryo Toxicology Unit who kindly agreed to demonstrate 
the basic techniques and methodologies. 
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All the equipment used in the experiments reported in the following 
pages was cleaned and maintained according to BIBRA standard operating 
procedures (SOPs) which comply with good laboratory practise (G. L. P) 
regulations of the U. K., Europe and the U. S. A. 
Two laminar f low cabinets were used, a Class I vertical laminar f low 
cabinet f or explanting and distributing the embryos into treatment dishes. 
A Class II vertical laminar f low cabinet (Gelaire, Flow Laboratories, Irvine, 
Scotland) was used f or media preparation, gassing of embryos and treatment 
dilutions. 
This apparatus was adapted from a haematology roller/rocker device 
purchased from Denley Instruments Ltd. (Billingshurst, Sussex) so that the 
culture bottles were rolled at around 40 r. p. m. but not rocked. It was 
housed within an anhydric incubator controlled at 37-38 *C. Regular 
temperature checks were made on blank culture bottles containing water. 
For weighings greater than 100mg an electronic, automatic-tare, top-pan 
balance was used (Sartorius Instruments Ltd., Belmont, Surrey) and f or 
weighings in the range 0.2 mg to 1.0 mg an electronic precision balance was 
used Wertling, London) 
For explanting embryos a general purpose, zoom lens, (0.6-6 .0x 
magnification) dissecting microscope was used (Gallenkamp, London). This 
contained a ready- calibrated eye-piece graticule for measuring embryo 
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dimensions. For photomicrography purposes a Zeiss dissecting microscope 
was used with a Zeiss (Zeiss, West Germany) automatic exposure camera and 
af ibre-optic light source (Schott, West Germany). 
Mixtures of oxygen, carbon dioxide and nitrogen of the following 
percentages: - 
0-_; 
_ý 
CO, - Ký2 
90 
20 ,5,75 
40 ,5,55 
were purchased from the Special Gases division of the British Oxygen 
Company (London) 
These were of the Gilson 'Pipetman PI design and three different sizes 
were used depending on the volume required; the P20 for volumes of 2-20pl, 
the P200 for volumes of 20-200 pl and the PION for volumes of 100-1000 
pl. (Anachem, Luton, Bedfordshire). 
Glassware was washed and sterilised according to procedures f or 
standard tissue culture methods and all plasticware was of a good quality 
and used only once before disposal unless designed for multiple use. Embryo 
culture was carried out in 50 ml pyrex bottles with gas-tight tops. 
Ultrafine micro-dissecting, stainless steel forceps were used for 
explanting the rat embryos (Agar-Aids, Caterham, Surrey). The f orceps were 
sterilised in 70% alcohol and dried within the laminar f low cabinet prior 
to use. 
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In a well ventilated area of the BIBRA post mortem facility, 
approximately 20 ml of di-ethyl ether (Fisons, Loughborough) was poured 
onto the cotton-wool padding in an anaesthesia jar and a male rat placed in 
the jar until the animal was unconcious but still respiring. The animal was 
then placed, ventral surface uppermost, on a dissecting board and 
anaesthesia maintained by placing tissues soaked in di-ethyl ether over 
the animal's nose. 
The ventral surface of the animal was then soaked with 70% ethanol to 
reduce the possibility of contamination. Then using dissecting scissors an 
incision was made from the diaphragm to the penis. The intestines and body 
fat were moved to one side to reveal the dorsal aorta. 
Using a 20 ml syringe fitted with a 21 g needle, blood was withdrawn 
from the dorsal aorta without undue delay and decanted into a sterile 
plastic universal tube and immediately centrifuged at 3,500 r. p. m in an MSE 
Centaur for 5 minutes. After centrifuging, the blood was left to stand for 
at least 30 minutes to allow a fibrin clot to form. Using sterile forceps 
the clot was squeezed to extract trapped serum and the universal tube re- 
centrifuged. The serum was decanted using a pipette into a sterile bottle 
and pooled with the sera from the other animals. 
The serum was then batched in 20 ml samples into sterile plastic 
universal tubes through a 5.0 p pre-filter and a 0.45 p filter (Gelman 
Sciences Inc., Northampton) to ensure sterility. The serum was heat- 
inactivated at 56*C for 30 minutes in a water bath before either immediate 
use after cooling or storage at -18 to -20*C. 
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To one 500 ml bottle of Eagle's minimal essential medium (EMEM-Gibco 
Europe Ltd., Paisley, Scotland), 5.1 ml of L-glutamine solution (20OOmM- 
Gibco Europe Ltd. ) and 2.5 ml of a penicillin/streptomycin solution (10,000 
units-Gibco Europe Ltd. ) was added aseptically inside a laminar f low 
cabinet. The medium was mixed well, and the bottle labelled with the date 
of the additives and batched out into smaller volumes, generally 100 ml, 
prior to use or storage at 2-8*C. 
For this purpose a 10 X concentration solution of Hank's basal salt 
solution (Gibco Europe Ltd. ) was diluted aseptically to a1X working 
concentration prior to use with sterile filtered and deionised water. 
The Aroclor induced rat-liver homogenate was obtained from the routine 
supplies prepared by the microbial mutagenicity section of the Genetic 
Toxicology Dept. at BIBRA, its method of preparation was as follows: - 
180-250 g male Sprague-Dawley rats (obtained from Harlan-Olac Ltd., 
Bicester, Oxon and fed R&M No. 1 diet, Special Diet Services, Witham, 
Essex, with tap water ad libitum) were given a single intraperitoneal 
injection of 500 mg Aroclor 1254/kg body weight. After four days the rats 
were fasted overnight, killed and the livers homogenised (1 g liver :3 ml 
tris/KCL buffer pH 7.4). The homogenate was centrifuged for 20 minutes at 
10tOOO g and the supernatant frozen in ampoules in liquid nitrogen. 
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Female Sprague-Dawley rats (Harlan-Olac, Bicester, Oxon. ), of at least 
10 weeks of age, were caged with mature male rats of proven fertility. 
Matings were confirmed by the presence of sperm in a vaginal smear or the 
presence of a seminal plug. The morning on which either occured was 
designated as day 0 of gestation. 
On gestation day 9 (embryonic age 91k days, matings assumed to have 
occured midway through the dark cycle) the pregnant females were killed by 
cervical dislocation. After soaking the ventral surface of the rat with 70% 
alcohol, a large incision was made across the abdomen and the gravid uterus 
removed. Without delay the uterus was pinned out and carefully opened along 
its anti-metrial surface using tissue scissors. Each deciduum was removed 
and dissected under Hank's BSS, with the aid of a dissecting microscope 
within a laminar f low cabinet. Using f ine forceps each deciduum was gently 
torn into two halves and the conceptus removed. The outermost membrane 
layer, Reichert's membrane, with attached trophoblast and parietal endoderm, 
was removed but the visceral yolk-sac, amnion and ectoplacental cone were 
left intact. The various structures and membranes of the 9% day conceptus 
are depicted in Fig. 2.1 
Undamaged embryos in the early neurula stage (0-3 somites) were sorted 
so that embryos from each female were evenly distributed between 
treatments. 
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Fig. 2.1 Diagram of a 9% day conceptus. 
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Embryo Culture and Treatment, 
Into each 50 ml pyrex culture vessel was dispensed 3 ml of sterile rat 
serum, and the total volume of culture medium in each bottle was made up to 
4 ml with the addition of 1ml EMEM. If particular additions were to be 
added then an equivalent volume of EMEM was omitted. In some cases of test 
chemical exposure of up to 60 minutes, the treatment was carried out in 
serum-free media, that is 4ml EMEM. After the required period of exposure 
the embryos were transferred to the usual 75% rat serum and 25% EMEM 
culture medium. 
Prior to incubation at 37% on the roller culture apparatus each culture 
vessel was gassed for 5 minutes in an oxygen, carbon dioxide, nitrogen gas 
mixture. The mixture was hydrated by being passed through a bubble 
hydrator containing distilled water. The sterility of the gas was then 
ensured by passing it through a 0.2 micron f ilter (Acrodisc, Gelman 
Sciences Inc., Northampton). As the rat embryos grow and develop during 
culture their requirements for oxygen increase, consequently the culture the 
culture vessels were regassed with different oxygen mixtures as follows: 
Hours after start of culture 
(9; 6day embryos) 
Gas Mixture, % 02!, C02, N2 
90 
18 20 /5/ 75 
24 40 /5/ 55 
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The total culture period was normally around 46 hours after explanting 9; 6 
day embryos. 
Af ter approximately 46 hours of culture the embryos were examined f or 
growth and development. Initially, each embryo was assessed f or yolk-sac 
development and function by checking f or the presence of blood vessels. 
Only embryos with an intact yolk-sac, beating heart and steady blood 
circulation were assessed further. The maximum diameter of the yolk-sac was 
measured using the eye-piece graticule (a direct reading in millimeters was 
given with the magnif ication is set at 1) before removal of the yolk-sac 
and amnion. The crown-rump and the head length were then measured as well 
as a count of the somites. Sometimes the early somites in . 11% day 
equivalent embryos are difficult to distinguish and in such cases, somite 
number 11 was taken to be positioned at the middle of the fore-limb bud 
and somite 14 at the posterior end of the fore-limb bud. 
At a higher magnification the embryos were checked for completion of 
the change in f lexure from dorsal concave to ventral concave, which occurs 
normally around an embryonic age of 1N6 days. The neural tube was assessed 
for correct closure or other abnormalities. Other structures were examined 
for correct development and presence of any malformations, these included: 
Hind-brain 
Mid-brain 
Fore-brain 
Otic vesicle 
Optic vesicle 
Olfactory placode 
Branchial bars 
Maxilliary process 
Mandibular process 
Fore-limb bud 
Following the visual assessment of the embryos, a protein determination 
of the whole embryo was performed. This was usually done on the following 
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day in which case the embryos were frozen in a small amount of Hank's BSS 
at -20T. 
Whole Eimbryo Protein Determination. (Adapted from Bradford, 1976) 
Preparation of the Protein Reagent. 
100 mg of Coomassie Brilliant Blue G-250 (Sigma Chemicals, Poole, 
Dorset) was dissolved in 50 ml of 90% ethanol (Fisons Chemicals, 
Loughborough). To this was added 100 ml of 85% ortho-phosphoric acid 
(Fisons Chemicals, Loughborough) and the solution made up to 1 litre with 
deionised, and filtered water. This solution could be stored at room 
temperature f or up to 6 months. 
Preparation of Standard Protein Solution. A standard dilution of 100 pg/ml, 
or a dilution series in the range 10 to 200 pg/ml, of bovine serum albumin 
(Fraction V, Sigma Chemicals, Poole, Dorset) was prepared in either Hank's 
BSS or phosphate buffered saline (PBS). 
Sonication of embryQa. Each embryo (af ter defrosting if previously frozen) 
was transferred to a5 ml conical tube containing 2 ml of Hank's BSS or 
PBS The probe of the MSE ultrasonic disintegrater (MSE Instruments, 
Loughborough) was lowered into the tube so that the tip was covered to a 
depth of approximately 2 cm by the solution. The embryos were then 
sonicated by four one second bursts at low power with an amplitude of 1- 
Protein assav-. 0.5 ml of each of the embryo solutions and the standard 
protein solution was pipetted into labelled disposable test tubes (Sterilin, 
Ltd., Feltham, Middlesex). 5 ml of protein reagent was added to each tube 
which was then mixed and left to stand for two minutes. The absorbance of 
the solution wasmeausured in a spectrophotometer (Cecil Instruments, 
Cambridge) at a wavelength of 595 nm. The spectrophotometer was adjusted 
to zero using a blank consisting of 0.5 ml of Hank's BSS or PBS and 5 ml 
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of protein reagent. 2 ml of each solution was pipetted into the f low cell of 
the spectrophotometer and after the reading was taken, the cell was rinsed 
with 75% IMS. 
On each of four different occasions, a series of dilutions of a 
standard protein, bovine serum albumin (fraction V), was made up in the 
range of 10 to 200 )jg/ml. 500 jul of each 
dilution was mixed with 5 ml of 
the Coomassie Blue protein reagent as detailed previously. After at least 2, 
but no more than 30 minutes, the absorbance of each mixture was measured 
at 595nm in the f low cell spectrophotometer. The results are presented in 
Fig. 2.2 and it is evident that the relationship between the protein 
concentration and its absorbance at 595nm is practically linear with an 
origin close to zero. Also, where there have been multiple determinations of 
absorbance, the standard deviations are small, indicating that the assay 
was shown to be highly reproducible even when used on different dates and 
when different standard solutions were used. It was concluded from these 
results that the Coomassie Blue protein assay as described by 
Bradford 
(1976), is very convenient for use and ideally suited for the measurement 
of the protein content of cultured embryos. Furthermore, extensive 
validation experiments by members of the BIBRA biochemistry 
department had 
demonstrated the validity and robustness of the assay. 
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Two embryos of different developmental stages, were sonicated in a2 ml 
volume of Hank's BSS in 5 one second bursts using the MSE Ultrasonic 
disintegrater at low power with an amplitude of 1. After each burst a 100 
pl sample was taken and the protein content determined using the Coomassie 
Blue method. Table 2.1 shows the absorbance of each sample. 
Table 2.1 Absorbance After Repeated Sonication of Enbryos 
No. of Sonicator 16 somite embryo 40 somite embryo 
Bursts 
1 0.30 3.70 
2 0.48 4.20 
3 0.42 4.45 
4 0.54 4.90 
5 0.46 4.90 
It can be seen from the results above that the the optimum number of 
bursts of the sonicator is 4. This was true f or both a small, retarded 
embryo and f or a large, well-developed one. In subsequent experiments all 
protein determinations used a4xI second burst sonication regime. 
Two female rats were mated as described previously. On day 10 of 
gestation, the 9ý6 day embryos were explanted f rom the f irst f emale and 
cultured according to the standard method as detailed previously. After 48 
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hours in culture the embryos from the first female were evaluated for 
growth and development. At the same time the second female rat was killed 
and the 11; 6 day embryos grown In vivo were evaluated in the same way as 
those grown in vltrci. The data from these two rats were also compared with 
that from data in the literature and are shown in Table 2.2 
Table 2.2 Comparison of In Vivo and In Vitx-a Embryo Growth 
In vitro In vivo 
embryos embryos 
In vivo 
embryos- 
Number of 
Embryos 
Crown-rump 
Length (mm)'--, 
Somite Number'--, 
Total Protein 
Contentl-ý 
5 
3.2 ± 0.08 
25.1 ± 0.4 
244.0 ± 23.7 
7 
3.3 ± 0.11 
25.1 ± 0.6 
226.0 ± 12.6 
15 
3.6 ± 0.06 
27.7 ± 0.3 
309.0 ± 8.8 
(a) Data adapted from Brown and Fabro (1981) 
(b) x±S. E. 
It can be seen f rom the results that the growth and development of the 
In vitr-o embryos is similar to that of the in vivo grown embryos derived 
from an in-house source. Both groups of in-house embryos have decreased 
parameters of growth when compared with published data (Brown and Fabro, 
1981). However, this difference is probably due to animal strain variation 
or slight differences in animal husbandry. Another factor that may account 
f or the dif ference in the growth parameters is that in the case of the 
published data, the animals used were from precisely timed matings, which 
were necessary f or the nature of the investigations. The age of the embryos 
from the in-house rats was calculated on the assumption that mating had 
occured mid-way through the dark-cycle. This experiment showed that 
embryos grown in culture for 48 hours from an age of 9ý6 days do not show 
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any apparent growth retardation when compared with embryos grown In vivo. 
However, there may be variation between different laboratories and/or 
strains of animal. 
Cyclophosphamide (CP) is a chemical with well-documented teratogenic 
and mutagenic properties (IARC, 1981). However, in order to develop its 
alkylating potential, CP requires metabolic activation via the cytochrome P- 
450 system (Brock, 1967; Foley et al., 1961). Several reports now document 
the requirement of metabolic activation of CP f or the induction of 
teratogenic ef fects in cultured embryos Gantel et al., 1979; Kitchin et al., 
1981; Greenaway et al., 1982). Thus, in order to validate the embryo culture 
methodology as detailed in the Methods section , several female rats were 
caged with males and checked for mating. The pregnant females in this case 
were killed on day 11 of gestation (embryonic age 10 to 10; 6 days) so as to 
f ollow the procedure as published (Fantel et al., 1979). The S-9 rat liver 
fraction (9,000 xg supernatant) was prepared from livers of male rats 
pretreated with Aroclor 1254 and was added at the rate of 25 pl per 4 ml 
of culture medium. Enzyme co-factors were added at af inal concentration of 
5x 10-4 M (NADP) and 5x 10-: 3 M glucose 6-phosphate. CP was added at a 
final cocentration of 25 yg/ml. The embryos were exposed to the treatment 
throughout the culture period of 24 to 26 hours from an embryonic age of 
1W6 to 11% days, before evaluation for growth, development and the presence 
of abnormalities. Table 2.3 shows that embryos grown in the presence of CP 
with either co-factors or S-9 grow and develop to a degree equivalent to 
the control group. These embryos grown in the presence of CP and co-factors 
did show a significant reduction in the mean crown-rump length and somite 
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number but at the same time showed a greater protein content than the 
control group. Those embryos grown in the presence of CP, S-9 and co- 
factors showed highly significant reductions in all the growth and 
developmental parameters and also one third of the embryos had 
developmental abnormalities which included turning failure, malformed heads 
and somite irregularities. 
Table 2.3 Growth and Development of Rat Embryos Cultured in the Presence 
of Cyclophosphaadde. 
CP 25 ml 
+ Co-factors 
CONTROL + Co-factors + S-9 + S-9 
Yolk-sac 
Diameter (mm) 
Crown-rump 
Length (mm) 
Somite 
Number 
Protein 
Content (pg) 
Abnormal 
Embryos 
Sample 
Size 
4.4 (0.45) 
3.3 (0.17) 
25.2 (0.78) 
204.4 (75.80) 
0 
11 
3.9 (0.67) 
3.0 (0.10) 
23.9 (0.64) 
216.0 (58.20) 
0 
8 
4.1 (0.77) 
3.0 (0.40) 
25.1 (1.43) 
213.4 (62.10) 
0 
5 
3.4 (0.94) 
2.1 (0.55) 
22.6 (3.10) 
88.8 (32.50) 
3. 
9 
*, P<0.05; **, P<0.01; *** P<0.0001 
a, includes turning deformity, malformed heads and somites. 
Numbers shown are means and standard deviations (in parentheses). 
Embryos cultured for 24 hours only from day 10; ý. 
These results demonstrate that CP requires the presence of both an 
hepatic microsomal fraction (S-9) and the appropriate co-factors (an NADPH 
generating system) in order to show teratogenic effects in vitro. There was 
some suggestion that cultured embryos at an embryonic age of 1N to 1D6 
days may possess a limited capacity to metabolise CP. The embryos grown in 
the presence of CP and co-factors showed a significant decrease in the mean 
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crown-rump length and somite number, although there was no concomitant 
decrease in protein content or increase in the number of abnormal embryos. 
It is commonly assumed that embryos at the organogenesis stage of 
development are metabolically inert (or nearly so) with respect to their 
biotransf ormation of teratogens (Neims et al., 1976; Campbell et al., 1984). 
This point of view is supported in the case of CP, in that its bioactivation 
involves cytochrome P-450-dependent monooxygenation (Hales, 1980) at a site 
external to the embryo. Also, in in vitro studies, the requirement of both 
an hepatic microsomal fraction and NADPH generating co-f actors, has been 
shown for the teratogenic ef fects of CP to be realised (Fantel et al., 1979; 
Kitchin et al., 1981; Greenaway et al., 1982). 
The capacity of P-4 50 -dependent, mammalian embryonic enzyme systems to 
catalyse the generation of sufficient reactive intermediates to produce 
observable malformations in the same embryos has not been demonstrated, 
although studies from several laboratories have suggested that this may be 
possible (Shun et al., 1979; Juchau et al., 1980; Filler et al., 1981; Hoshino 
et al., 1981; Legraverend et al., 1984). It has been shown that embryos 
exposed transplacentally to 3-methylcholanthrene can metabolise 
2-acetylaminoflourene (but not CP) to teratogenic and embryotoxic 
metabolites (Juchau et al., 1985). Whereas in the same report, 
phenobarbitone did not induce the P-450-dependent enzymes necessary in the 
metabolism of CP or acetylaminofluorene. It seems likely therefore, that the 
P-450 enzymes necessary for the bioactivation of CP are not present in 
organogenesis stages, or at least the levels of such enzymes are very low 
and do not exceed the capacity of detoxifying systems that may be present 
in embryonic tissues. It has been shown that hepatic P-450 enzyme 
concentrations and monooxygenase activities are generally low at birth, but 
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increase rapidly to adult levels (Basu et al., 1971; Ioannides et al., 1977). 
Furthermore, in contrast to adult tissues, P-448 is the predominant 
cytochrome enzyme in foetal tissue (Basu et al., 1971; Lum et al,. 1983). 
Cytochrome P-448 activity can be induced by 3-methylcholanthrene treatment 
but not by phenobarbitone, and this aspect of neonatal metabolism may 
explain the results of Juchau et al., (1985). 
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CHAPTER 3 
IN-VITRO EXPERIXENTS WITH ACTIVE OXYGEN 
3.1. INTRODUCT ION 
The potential of various forms of active oxygen (superoxy anion, 0: 2- -; 
peroxide anion, 02--; hydroxyl radical, -OH; and singlet oxygen, 021 ) to 
exert toxic effects on living cells, in particular, mammalian tissues, has 
been investigated by many different workers (Halliwell and Gutteridge, 1984; 
Lesko et al., 1980; Phillips et al., 1984). However, the potential of active 
oxygen to cause teratological effects has not yet been explored other than 
in a rather indirect way (Steele et al., 1974; Iannaccone, 1986). There are 
several obvious reasons for this lack of attention, namely, D it may have 
been assumed that the maternal and/or embryonic protective mechanisms were 
adequate to prevent oxidative damage in all but the most extreme 
circumstances, ii) using conventional methodologies it would be difficult to 
separate any direct ef fects on the developing embryo from secondary ef f ects 
derived from maternal toxicity, iii) the absence of a suitable In-vivo 
model, iv) teratologists may not have been fully aware of the toxic 
potential of oxygen, v) f or most teratogens an alternative mechanism of 
action was available. 
However, f rom the evidence available on the toxicity of oxygen, it is 
clear that the developing embryo would be a sensitive target f or the action 
of active oxygen. The developing mammalian embryo is a rapidly growing 
population of cells which are undergoing a series of processes such as 
differentiation, morphogenesis, migration, many of which are absent or 
operating at a very low level in the adult. Also, as has been demonstrated 
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by Steele and co-workers (1974), the mammalian embryo has an absolute 
requirement for antioxidants f or its survival, andexogenously generated 
superoxide radicals can be embryotoxic (Iannaccone, 1986). 
It was decided to investigate the potential teratogenicity of oxygen 
radicals by using the in vitr-o embryo culture system that had been 
established at BIBRA and was under validation as a potential screening 
assay. Furthermore, an in vitr-o model of a superoxide radical generating 
system was available and was currently under investigation at BIBRA within 
a different context (Phillips et al., 1984). The xanthine/xanthine oxidase 
system (see Fig. 3.1. ), associated with the phenomenon of reperfusion inJury, 
is capable of producing superoxide and was generated following normal 
enzyme kinetics, i. e. the rate of superoxide production is proportional to 
enzyme concentration and total production is proportional to the amount of 
substrate added (Phillips et al., 1984). 
The studies of Phillips et al., (1984) had demonstrated an increase in 
sister-chromatid exchanges (SCE), chromosome aberrations and gene 
mutations in Chinese hamster ovary cells using xanthine in the range of 28 
to 114 yX and xamthine oxidase in the range of 6 to 37 mU/ml for a period 
of 24 hours. 
This chapter describes a series of experiments which sequentially 
examined the response of cultured rat embryos to the effects of 
xanthine/xanthine oxidase generated oxygen radicals. 
3.2. RITEIR IMENTAL 
In all experiments, the serum and media were prepared as described in 
Chapter 2, also the embryo culture methods remained unchanged. Xanthine 
(Sigma) was dissolved in 0.5% sodium carbonate at 1 mg/ml and appropriate 
volumes added to give the required f inal concentration. Xanthine oxidase 
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Fig. 3.1. 
XANTHINE OXIDASE 
XANTHINE lm-URIC ACID 
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Fig 3.1. The generation and subsequent interactions of active oxygen 
species during the oxidation of xanthine by xanthine oxidase. 
X, metal ion; SOD, superoxide dismutase; CAT, catalase; 
GP, glutathione peroxide. 
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(Grade III, Sigma) was in the first two experiments, diluted in Eagle's 
Minimal Essential Medium (EMEM) so that a volume of 100 pl gave the 
required final concentration when made up to a final volume of 4 ml. In 
later experiments, when the treatment lasted for 60 minutes in serum-free 
medium, the xanthine oxidase was added directly to the treatment medium to 
give the required f inal concentration. Catalase, superoxide dismutase (SOD), 
hydrogen peroxide and mannitol were all obtained from Sigma and dissolved 
in EMEM at 100x concentration such that 100 jul added 
to 10 ml of treatment 
medium (EMEM) gave the required f inal concentration. Desferrioxamine 
(Desferal) was purchased from CIBA laboratories (Horsham, West Sussex) and 
dissolved in EMEM at 100x concentration. 
The f irst few experiments were designed to establish a standard 
treatment protocol that could be used to determine and investigate the 
ef f ects of xanthine and xanthine oxidase on cultured rat embryos. The f irst 
experiment used levels of xanthine oxidase based upon the results of 
Phillips et al., (1984), with continuous exposure over the 48 hours of 
culture. The second experiment used a continuous exposure regimen, but with 
a wider dose range. The following three experiments compared several 
aspects of an acute treatment regimen including: the duration of treatment, 
the age of the embryos at exposure, the concentration of enzyme and the 
concentration of substrate. The next three experiments investigated the 
mediating ef f ects of various enzymes, radical scavengers and an iron 
scavenger namely catalase (CAT), SOD, mannitol, glutathione (GSH) and 
desferrioxamine. The final experiment examined the direct effects of 
hydrogen peroxide on cultured rat embryos and compared these to 
xanthine/xanthine oxidase treatment. 
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TABLE 3.1. Results of Dose Rangx--Finding Experinent 1. 
Yolk-sac Crown-Rump 
Diameter Length 
(mm) (mm) 
none 
none 
none 
xanthine 
(66)iM) 
xanthine 
(66pM) 
xanthine 
oxidase 
(40inU) 
xanthine 
oxidase 
xanthine 
(66pM) 
Somite Protein 
Number Content 
(mm) (pg) 
1 4.6 3.8 30 185 
2 4.5 3.8 29 200 
3 4.7 4.0 31 ND 
1 4.7 
2 4.6 
1 
4.0 
3.8 
29 219 
1 
NO GROWTH 
NO GROWTH 
29 236 
ND=Not determined. 
The results in Table 3.1 show that the untreated embryos and the 
xanth ine- exposed embryos grew and developed to a similar degree and did 
not show any abnormalities, thus xanthine seemed to be innocuous at 66 PM 
over the 48 hour culture period. However, embryos cultured in the presence 
of xanthine oxidase, either with or without xanthine, showed a total absence 
of growth or development. There are two possible conclusions to be drawn 
from the results, D that xanthine oxidase or some component of its 
preparation is toxic to the embryos; ii) that rat serum contains 
appreciable concentrations of xanthine, hypoxanthine or other substrates of 
xanthine oxidase which could be utilised to generate superoxide radicals 
without the direct addition of xanthine. Of the two possibilities, the 
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second is the most likely as it has been shown that foetal calf serum 
contains substrates for xanthine oxidase (Phillips et al., 1984). 
The results showed that continuous exposure to 40 mU of xanthine 
oxidase either with or without added xanthine (66 yM), was toxic to 
cultured rat embryos. A second experiment was designed in order to 
determine a no-effect level for continuous treatment with xanthine oxidase 
and also, if possible, an optimum treatment regimen for standardised use. 
TABLE 3.2. Results of Experiment 2 
Xanthine Yolk-sac Crown-rump Somite Protein Number of 
oxidase diameter length number content abnormal 
mu / Ild (N) (mm) (mm) (pg) embrYos (y-s) 
0.0 (7) 4.4±0.3- 4.1±0.3 29.3±1.0 282.5±23.4 
0.5 (3) 4.8±0.1 4.2±0.2 30.3±0.6 329.1±20.1 
2.5 (4) 4.2±0.2 4.0±0.2 29.3±1.0 284.1±25.5 
5.0 (3) 4.0±0.2 3.8±0.1 25.3±2.3 246.2±17.8 2 
7.5 (4) 3.8±0.2** 3.4±0.1** 25.8±1.3*: 4, 226.5±37.1 4 (4) 
10.0 (3) 4.1±0.3 3.7±0.3 27.3±1.2 240.9±17.8 2 (2) 
12.5 (4) 3.1±0.2:. o, * 1.9±0.4*** N. C. 101.5±28.1*** 4 (4) 
15.0 (3) 2.3±0.5***: 1.9±0.3*: *:: *: N. C. 98.8±4.3: 4, ** 3 (3) 
20.0 (2) TOXIC 
a, mean ± S. D. ; N. C. = not countable ; y-s. = yolk-sac 
*, p<0.05 ; **, p<0.01 ; ***, p<0.001 (Student's t-test) 
From the results of the second experiment (Table 3.2. ) it can be seen 
that below 5.0 mU/ml, xanthine oxidase had no effect on either the growth 
or develpoment of the cultured rat embryos. 5 mU/ml xanthine oxidase caused 
a significant reduction in the number of somites and also produced a marked 
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but non-signif icant decrease in the protein content of the exposed embryos, 
two of which had neural suture abnormalities. Above 5 mU/ml, xanthine 
oxidase produced significant reductions in all of the observed parameters 
in a fairly consistent dose-related fashion. However, all doses above 5.0 
mU/ml, as well as inducing developmental abnormalities in the embryos, also 
markedly affected the appearance and presumably the functions, of the yolk- 
sac membranes. The yolk-sacs of the embryos treated with 7.5 mU/ml or 
greater, of xanthine oxidase were small and showed a poorly formed 
vasculature. Therefore at doses greater than 5.0 mU/ml xanthine oxidase, a 
proportion of the toxic effects seen could be due to the ineff icient supply 
of nutrients and oxygen to the embryos by the damaged yolk-sacs. 
Although 5.0 mU/ml xanthine oxidase, did produce embryo abnormalities 
in the absence of any toxic effects to the yolk-sac, the no-ef fect dose 
level (2.5 mU/mD was very close to that producing marked ef fects on the 
integrity of the yolk-sac (7.5 mU/ml). It was decided that the constant 
exposure regimen was perhaps inappropriate and that an acute or pulse 
treatment would be more useful. 
Initially, the effect of different durations of exposure to xanthine 
oxidase on 10; 6 day embryos prior to culture for 24 hours was examined. In 
this case embryos were explanted 24 hours later than usual but the methods 
used were the same as for 9% day embryos. 
Day 11 embryos were exposed to 20 mU/ml xanthine oxidase for varying 
periods up to 60 minutes in a treatment medium comprising 25% serum and 
75% EMEM prior to transfer to the normal culture medium of 75% serum and 
25% EMEM. Control embryos were cultured in the treatment medium without 
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xanthine oxidase for 60 minutes. No xanthine was added to the medium, 
substrates f or the xanthine oxidase being available in the serum. 
TABLE 3.3. Results of Various Exposure Periods to Xanthine Oxidase 
(20 mU/mDon 10% dayEinbryos 
Time of Yolk-sac Crown-rump Somite Protein Number of 
exposure diameter length number content abnormal 
(mi ns) (N) (mm) (mm) (yg) embryos (y-s) 
0 (7) 4.0±0.4- 3.9±0.2 27.7±1.4 234.1±19.8 
15 (4) 3.2±0.4: 4,3.1±0.4** 24.8±1.5* 124.0±51.5** 
30 (7) 3.0±0.7** 2.6±0.7*** 18.9±6.8*: * 109.5±57.0*** 7 (4) 
45 (5) 2.6±0.21***2.2±0.2*** 13.8±1.8*** 82.0±21.0*** 4 (4) 
a, mean ± S. D.; y-s = yolk-sac. 
*, p<0.05 ; **, p<0.01 ; ***, p<0.001 (Student's t-test) 
The results in Table 3.3. clearly demonstrate that exposure to xanthine 
oxidase for as short a time as fifteen minutes could have marked effects on 
the growth of cultured rat embryos and that the toxic ef f ects were clearly 
related to the duration of exposure f or every parameter measured. However, 
it was also shown that ef fects on the growth of the embryos were apparent 
bef ore any ef fect on the development of the embryos in terms of teratogenic 
abnormalities. Also, although morphological abnormalities were obvious after 
30 minutes exposure to xanthine oxidase, these were only detected 
in the 
presence of abnormalities of the structure of the yolk-sac. 
As in the 
results shown in Table 3.2., the toxic effects of 
the xanthine oxidase 
exposure could not be distinguished from those resulting 
from poor yolk-sac 
functions. 
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The yolk-sac of the 10% day embryo is more developed than that of the 
91k day embryo and consequently it would be a more susceptible target f or 
the toxic action of oxygen radicals. Furthermore, the yolk-sac would have 
less time to effect repair at 1N6 days than at 9% days and also at a time 
when the embryo is f ar more reliant upon the functions of the yolk-sac 
than on simple diffusion. It was concluded from this experiment that 
although 101k day embryos are actually sensitive to the effects of xanthine 
oxidase, the complicating factors of yolk-sac disturbance indicates that an 
earlier exposure would be more appropriate. 
Table 3.4. shows that 60 minutes exposure to xanthine oxidase at either 
20 or 80 mU/ml in the absence of xanthine did not induce a significant 
number of abnormalities in treated embryos. One abnormality was seen in 
each of the two groups whereas none were seen in the control group. 
However, the abnormalities were probably not due to the treatment, as their 
severity was not dose-related. In terms of growth, xanthine oxidase alone 
did not reduce the mean protein content of the embryos when compared to 
the control group, although the mean protein content of the control in this 
experiment was lower than seen in previous experiments (see Tables 3.2. and 
3.3. ). The other measures of growth and development (crown-rump length, 
etc. ) paralleled the results for protein content (data not shown). 
When embryos were exposed to 20 mU/ml xanthine oxidase in the presence 
of 82 pM xanthine, slightly more than half developed abnormalities of 
the 
neural suture, most of which were severe. These were seen 
in the absence of 
any obvious toxic ef fects on the yolk-sac membranes or vasculature and also 
without affecting the growth of the embryos as measured 
by protein content. 
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The higher dose of 40 mU/ml induced abnormalities in aprroximately 75% of 
the exposed embryos, again without any effect on embryonic growth. 
TABLE 3.4. Results of Sixty Xinutes Exposure to Various Concentrations 
of Xanthine Oxidase to 9% day Embryos. 
Xanthine 
(YM) 
Xanthine 
oxidase 
(mu/ml) 
neu 
NA 
Abnorma I it i R, -- Protein 
ral suture yolk- content 
BC sac x±S. D. 
0 0 12 204.5±29.7 
0 20 C) 1 2E2.9±44.9 
0 80 71 240.4±47.2 
82 20 13 2 6 213.6±51.2 
82 40 13 3 16 1 229.4±52.5 
82 80 7 2 4 4 165.7±33.8** 
N= number of embryos; A= mild, B= moderate, C= severe 
**0 =p<0.01 (Student's t-test) 
There was a suggestion of some toxicity to the yolk-sac although only one 
embryo had a yolk-sac showing marked structural disturbance. At the highest 
dose of xanthine oxidase with xanthine, almost all of the treated embryos 
showed abnormalities, many of which were severe. Also there was a marked 
decrease in the mean protein content and f our of the embryos had abnormal 
yolk-sacs. The abnormalities of the yolk-sacs were usually observed to be 
poor vascularisation and/or sluggish blood circulation with occasional 
islands of static blood. 
It was concluded from this experiment that 60 minutes exposure to 20 
mU/ml xanthine oxidase in serum-free medium containing 82 pM xanthine 
resulted in a high proportion of embryos having developmental defects IlQt 
in association with growth deficiencies or obvious deficits in the structure 
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or function of the yolk-sac. These ef fects; were not induced by xanthine 
oxidase treatment in the absence of xanthine. Also, when the concentration 
of xanthine oxidase was increased it was paralleled by an increase in the 
number and severity of embryonic neural suture abnormalities. 
In order to further characterise the model of radical-induced embryo 
abnormalities, an experiment was designed to determine the ef fect of 
increasing the substrate concentration whilst maintaining a constant level 
of xanthine oxidase. 
It was shown previously (Table 3.1. ) that 66 pM xanthine did not show 
any evidence of toxicity to cultured embryos treated f or 48 hours. Table 
3.5. clearly demonstrates that exposure of 91k day embryos f or 60 minutes to 
xanthine at concentrations upto 247 pM showed no sign of any toxic ef f ect. 
TABLE 3.5. Results of Sixty Xinutes Exposure to Various Concentrations 
of Xanthine, with 20 inU/iml Xanthine Oxidase on 9% day Embryos 
Xanthine 
Xanthine oxidase 
(PM) (mu/ml) N 
Abnormal it i P-c-; 
neural suture yolk- 
ABC sac 
Protein 
content 
x±S. D. 
0 0 16 1 
82 0 16 21 
164 0 12 1 
247 0 14 1 
82 20 20 34 10 
164 20 11 11 4 
247 20 4 TOXIC 
211.3±28.5 
235.5±34.9 
223.4±30.9 
229.3±36.0 
245.1±59.7 
139.3±61.74, *: *: 
number of embryos; A= mild, 
B= moderate, C= severe 
=p<0.001 (Student's t-test) 
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Xanthine at 82 pM combined with 20 mU/ml xanthine oxidase gave a similar 
response to that produced by the same treatment in an earlier experiment 
(Table 3.4. ) in that the majority of the embryos showed neural suture 
abnormalities in the absence of pertubations of the yolk-sac. When the 
concentration of xanthine was increased to 164 #M in the presence of 
xanthine oxidase, all of the embryos showed neural suture abnormalities and 
highly significant decreases in protein content. However, at this dose 
level, 4 out of 11 embryos had poorly vascularised yolk-sacs which may 
have accounted for some of the decrease in protein content. There were also 
concommitant decreases in the other parameters of growth and development 
(somite number, etc. ) at this dose level (data not shown). When embryos 
were exposed to 247 pM xanthine with 20 mU/ml xanthine oxidase, the 
treatiment was so toxic that growth was prevented altogether. It is also 
evident from Table 3.5. that a 100% increase in the substrate concentration 
from 82 yM to 164 pM with 20 mU/ml xanthine oxidase had a far more 
dramatic effect on the embryos than a 100% increase in enzyme activity 
from 20 mU/ml to 40 mU/ml (Table 3.4. ). 
The previous experiments show that oxidation of xanthine to uric acid 
by xanthine oxidase with its concommitant production of superoxide radicals 
could induce abnormalities in cultured 916 day rat embryos. 
However, the 
production of superoxide radicals leads to a chain of reactions, some 
spontaneous and some enzyme- or ion-mediated (see 
Fig. 3.1. ). Superoxide 
radicals spontaneously dismutate to form H202, 
but this reaction can be 
accelerated by several orders of magnitude 
by superoxide dismutase. 
Superoxide can also be oxidised by metal ions, Fe(IID and Cu(ID 
being the 
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most common, to peroxide. H, -02 can react with Fe(II) or Cu(I) to give 
hydroxyl radicals whilst catalase and glutathione peroxidase enzymically 
break down H202 to water and oxygen. Free iron can be chelated by 
desferrioxamine, preventing the iron catalysed production of hydroxyl 
radicals. 
In order to determine which of the active oxygen species resulting from 
xanthine oxidation, may be primarily responsible for the effects seen in 
cultured embryos, embryos were exposed to xanthine and xanthine oxidase in 
the presence of various additions. Catalase at 50 pg/ml will effectively 
remove all free H, -02 (Phillips et al., 1984) and SOD at 50 )jg/ml will 
accelerate the dismutation reaction by upto ten orders of magnitude 
(DiGuiseppi and Fridovich, 1984). 
TABLE 3.6. Results of Sixty Ninutes Exposure to Xanthine, Xanthine 
Oxidase and Various Additions on 9% Day Embryos. 
Xanthine Abnormalities Protein 
Xanthine oxidase Additions neural auture yolk- content 
('UM) (MU/ml) NABC sac x±S. D. 
82 00 18 1 249.0±46.1 
82 0 CAT 10 1 264.0±47.8 
82 0 SOD 12 259.2±27.3 
82 0 DES 71 235.4±27.0 
82 20 0 12 215 212.3±74.1 
82 20 CAT 19 3 232.5±50.4 
82 20 SOD 21 7441 206.9±63.4* 
82 20 DES 19 451 234.2±58-6 
N number of embryos; A= mild, B= moderate, C= severe 
*t p<0.05 (Student's t-test); CAT = catalase 50 pg/ml, 
SOD = superoxide dismutase 50 pg/ml, DES = desferrioxamine 1mM 
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Desferrioxamine binds Fe(IID tightly so that it cannot be reduced by 
02 and hence it inhibits -OH formation (Gutteridge et al., 1979) and at 
concentrations of 1 mM it is unlikely to react directly with -OH (Hoe et 
al., 1982). 
Table 3.6. shows that catalase, SOD and desferrioxamine, in the presence 
of xanthine, did not affect the growth and development of cultured rat 
embryos. The mean protein contents of these three groups of treated embryos 
were not significantly different from those of the xanthine control group 
and the numbers of abnormal embryos were not increased. The results of the 
xanthine control group were very similar to those presented in Table 3.5. 
and the results of the xanthine plus xanthine oxidase treatment also 
closely resembled those given in Table 3.4. and 3.5. This is evidence that 
the response of the embryos to the xanthine/xanthine oxidase treatment was 
relatively consistent between experiments. 
The ef fects of xanthine/xanthine oxidase were almost completely 
abolished by the addition of catalase at 50 pg/ml but were largely 
unchanged by the addition of SOD at 50 pg/ml. Desferrioxamine at 1 mM did 
reduce the proportion and severity of abnormal foetuses although this 
alleviating effect was small and it is not clear whether it was a real 
effect or not. 
The inability of SOD to reduce the effects of xanthine/xanthine oxidase 
suggests that superoxide radicals per se were not responsible for the 
embryo abnormalities induced by the treatment. Desferrioxamine at 1mM did 
not annul the effects of xanthine/xanthine oxidase and therefore the iron- 
catalysed production of hydoxyl radicals cannot be the sole cause of the 
teratogenic effects. However, hydroxyl radicals can also be produced by a 
reaction between H: 20; 2 and copper (I) salts, although copper ions in serum 
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cannot give rise to 'free' hydroxyl radicals, as they are protein bound, 
they may result in damage to the binding proteins themselves (Halliwell and 
Gutteridge, 1984). Catalase, was shown to be almost completely effective in 
abolishing the ef fects of xanthine/xanthine oxidase. Thus H: 202: must be 
intimately linked with the cellular damage giving rise to the abnormalities 
in the embryos. 
The results suggest that H202 was responsible for the embryo 
abnormalities, however, the possibility that hydroxyl radicals produced from 
the H: zO2 by metal ion catalysts cannot be fully excluded. Mannitol is a 
scavenger of hydroxyl radicals and can often protect against damage induced 
by superoxide generating systems. The potential of mannitol to reduce the 
ef fects of xanthine/xanthine oxidase was tested in the embryo culture 
system. 
Mannitol treatment alone appeared to induce more abnormalities in the 
cultured embryos than the control treatment (Table 3.7). The excess of three 
abnormal embryos was due to very mild kinks in the neural suture not 
unlike those occasionally seen in the controls. However, the results are 
suggestive of a very slight toxic ef fect of mannitol in terms of embryo 
development but not in terms of growth as measured by protein content. 
Xanthine/xanthine oxidase as in previous experiments induced abnormalities 
in a high proportion of embryos. Mannitol with xanthine/xanthine oxidase 
did not alleviate the severity of the abnormalities, on the contrary, 
the 
majority of the embryos showed severe abnormalities of 
the neural suture 
and no embryos were normal. There was, therefore, -no evidence 
that the 
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hydroxyl radical scavenger, mannitol, could reduce the teratogenic effects 
of xanthine/xanthine oxidase. 
TABLE 3.7. Results of 60 Xinutes Exposure to Xanthine/Xanthine Oxidase, 
Vith and Vithout Xannitol, on 9% Day Embryos. 
Xanthine Abnormalitip. -- Protein 
Xanthine oxidase Mannitol neural suture yolk- content 
(YM) (IRU/Mi) (MM) NABC sac x±S. D. 
00 0 11 1 173.4±30.6 
00 
82 20 
82 20 
10 14 3 1 
0 10 2 2 4 
10 1 10 
195.0±47.3 
164.4±63.4 
156.1±50.9 
N= number of embryos; A= mild; B= moderate; C= severe 
Glutathione is invariably found in nearly all living cells and is 
thought to be essential f or the protection of thiol groups in proteins 
against the ef fects of f oreign compounds, including metals and H202 through 
the action of glutathione peroxidase and transferases (Boyland and 
Chasseaud, 1969; Mills, 1960). It is also involved in the synthesis of 
proteins and DNA, transport, enzyme activity, metabolism, and in the general 
protection of the cell. Glutathione is present in animal cells at mM levels 
(Boyd et al., 1979), however, in the mouse foetal liver, glutathione is 
present at 12% and 33% of adult levels at 15 days of gestation and at birth 
respectively (Lambert and Thorgeirsson, 1976). It is probable that 
glutathione levels at 10 to 12 days of gestation will be very low compared 
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with adult levels. The potential of glutathione to decrease the effects of 
xanthine/xanthine oxidase was examined in the embryo culture system. 
Several pregnant rats were killed on day 10 of gestation and the 91k 
day embryos explanted and exposed to 82 pM xanthine and 20 mu/ml xanthine 
oxidase both with and without glutathione at concentrations upto 10 mM. 
Glutathione at 10 mM with xanthine at 82 pM did not induce any 
abnormalities in any of the treated embryos and the mean protein content of 
these embryos was similar to with that seen in untreated embryos of 
previous experiments (Tables 3.4. and 3.5. ). This is as expected because 
glutathione is a normal cellular constituent at up to millimolar 
concentrations (Boyd et a]., 1979). 
TABLE 3.8. Results of 60 Kinutes Exposure to Xanthine/Xanthine Oxidase, 
With and Without Glutathione on 9% Day Embryos. 
Xanthine Abnor mal ip. R Protein 
Xanthine oxidase GSH neural su ture yolk- content 
(YM) (IRU/mi) (PM) N AB C sac x±S. D. 
82 0 10.0 8 221.0±21.0 
82 20 0.0 12 21 51 238.2±50.4 
82 20 0.1 8 53 157.7±45.0**: 
82 20 1.3 8 22 4 169.8±72.0* 
82 20 10.0 14 6 246.6±47.9 
N= number of embryos; A= mild; B moderate; C= severe 
GSH = glutathione; *, =p<0.05, =p<0.01 
Treatment with xanthine (82 ýiM) and xanthine oxidase (20 mU/mD gave a 
very similar response to that seen previously in that it induced 
abnormalities of varying severity in a high proportion of embryos, without 
any significant effect on the total growth of the embryos as measured by 
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the protein content. When the radical generating system was used in 
combination with 10 mM glutathione then the severity of the abnormalities 
induced was decreased to only that of mild neural suture disturbance (Table 
3.8). This indicates that at 10 mM, glutathione offered considerable 
protection to the embryo against the ef fects of xanthine/xanthine oxidase. 
However, at 1.3 and 0.1 mM, the effect of glutathione was, in contrary, that 
of exacerbating the ef fect of xanthine/xanthine oxidase in that the mean 
protein content of the exposed embryos was significantly decreased 
compared with that of the controls. 
The results of these experiments have strongly implicated 
H; 
2 
0; 
2 as the 
active oxygen species chiefly responsible for the effects of 
xanthine/xanthine oxidase. H202 is thought to be the cause of cell 
mutation, s. ister- chromatid exchange and chromosome breakage (Phillips et 
al., 1984; Stitch et al., 1978; Speit and Vogel, 1982; Emerit et al., 1982). 
The excessive production of H202 by peroxisomes induced by certain 
hypolipidaemic agents in liver cells has been suggested as the basis of the 
hepatocarcinogenicity of these compounds (Lalwani et al., 1981). Also, the 
mechanism of tumour promotion by phorbol esters may also involve 
H202 
(Emerit and Cerutti, 1981), as may the tissue damage associated with 
chronic stimulation of phagocytes, which produce superoxide and H202 as 
part of their response to f oreign substances (Weiss and Lobuglio, 1982). 
It was decided to examine the potential teratogenicity of hydrogen 
peroxide in the embryo culture system. Several pregnant rats were killed on 
day 10 of gestation and the 9; 6 day embryos explantedt distributed between 
the treatment groups and exposed to various concentrations of H20: 2 in 
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serum-free EMEM. After 60 minutes exposure the embryos were transferred to 
75% serum and 25% EMEM prior to culture for 48 hours. 
The results in Table 3.9. show that 60 minutes exposure to H;! 02 at 
concentrations upto 3.3 x 10--" M were ineffective at inducing abnormalities 
in embryos at rates significantly higher than seen in control cultures. 
However, at cocentrations at and above 6x 10--7- M the proportion of 
abnormal embryos increased in a dose-related fashion. 
TABLE 3.9. Results of 60 Kinutes Exposure to Hydrogen Peroxide an 9% Day 
Eimbryos. 
Hydrogen peroxide 
(M) N 
A 
neural 
A 
bno 
su 
B 
rmalities 
ture yolk- 
C sac 
Protein 
content 
x±S. D. 
0.0 26 2 1 230.4±69.3 
1.0 X 10--., - 16 2 1 215.9±51.0 
3.3 X 10-5 12 263.0±33.7 
6.0 X 10-' 12 2 2 1 218.3±42.4 
6.6 X 10-' 12 4 245.7±38.5 
7.0 X 10-' 9 6 2 260.1±73.9 
8.0 X 10-S 10 1 1 8 190.1±72.4 
9.0 X 10--, 11 1 1 8 195.0±66.2 
1.0 X 10-4 12 2 4 6 181.4±35.6** 
1.0 X 10-1, 12 TOXIC 
N= number of embryos; A= mild; B= moderate; C= severe 
**, p<0.01, two sample t-test. 
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At 8x 10-1 M H202 all of the exposed embryos showed maldevelopment and 
also a non-signif icant decrease in mean protein content. Growth, as 
measured by protein content was significantly reduced at 1x 10-4 M and at 
1 10-0 M all growth was inhibited. 
Thus it can be concluded that H202, when added directly to the 
treatment media containing 9% day rat embryos, can induce identical ef fects 
to those seen with xanthine and xanthine/oxidase. Furthermore, the number 
and severity of the induced abnormalities increased in a marked dose- 
related manner. This relationship was very similar to that seen when either 
the concentration of xanthine or xanthine oxidase was increased. (Tables 
3.4. and 3.5. ). 
An example of a control embryo within a normally developed yolk-sac is 
shown in Fig. 3.2 and of control embryos, without extra-embryonic 
membranes, of both lateral and dorsal aspects, in Figs. 3.3. and 3.4. 
Examples of the different degrees of neural suture abnormalities induced by 
xanthine/xanthine oxidase treatment are shown in Figs. 3.5., 3.6. and 3.7. 
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Fig. 3.2. Control rat conceptus (9.5 day) af ter 48h. culture, showing normal 
appearance of the yolk sac vasculature. 
Fig. 3.3. Control rat embryo (9.5 day) after 48h. culture. Lateral view 
showing normal growth and differentiation. 
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Fig. 3.4. Control rat embryo (9.5 day) after 48h. culture. Dorsal view 
showing normal appearance of the neural suture. 
Fig. 3.5. Treated rat embryo (9.5 day) after 48h. culture. Dorsal view 
showing 'mild irregularity' of the neural suture induced by 
xanthine/xanthine oxidase. 
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Fig. 3.6. Treated rat embryo (9.5 day) after 48h. culture, Dorsal view 
showing 'severe irregularity' of the neural suture induced by 
xanthine/xanthine oxidase. 
Fig. 3.7. Treated rat embryo (9.5 day) after 48h. culture. Dorsal view 
$severe irregularity' of the neural suture and abnormal turning 
induced by xanthine/xanthine oxidase. 
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3.3. D TSCU&Iý 1019 
Many studies have implicated oxygen radicals and lipid peroxidation in 
ageing and in various diseases including cancer, multiple sclerosis, 
Parkinson's disease, Fanconi's anaemia and lupus (Halliwell and Gutteridge, 
1984). Oxygen radicals and lipid peroxidation have been suggested to 
account for the toxic action of a wide range of compounds, such as paraquat 
(Reddrop et al., 1983), doxorubicin, ethanol, alloxan (Grankrist, 1981) and 
anilides f ound in adulterated Spanish cooking oils (Root- Bernstein, 1983). 
The evidence in some cases, f or example, alloxan and carbon 
tetrachloride (McBrien and Slater, 1982), is sufficient to support these 
suggestions, but often it consists only of a demonstration that "lipid 
peroxidation" is increased. The assumption being that a toxic entity 
produces free radicals which causes lipid peroxidation and this in turn 
leads to cell death and tissue damage. However, it was established many 
years ago (Barber et al., 1967) that damaged cells undergo peroxidation 
more rapidly than healthy ones and that it is more likely to be the case 
that a toxic chemical induces cell damage or death which leads to increased 
lipid peroxidation. 
In terms of teratology, evidence that oxygen radicals, or radicals of 
any kind, are responsible for the effects of any particular teratogen are 
difficult to find. Whether this is due to the absence of such a mechanism 
in teratogenic events, or just that the experiments have not been performed, 
or the theoretical connections made, is not known. However, what is certain 
is that radicals have the potential exists to cause damage to the 
structural, operational and genetic molecules in a cell, resulting in cell 
cycle delay, metabolic disturbance or cell death (Halliwell, 1984). 
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Korhonen et al., (1984) have shown that the organic peroxides, 
cyclohexanone peroxide, cumol hydroperoxide, ethylmethylketone peroxide, 
dibenzoyl peroxide, acetylacetone peroxide, perbenzoic acid tert-butylester, 
dicunyl peroxide, dilauroyl peroxide and also H202 can cause malformations 
and embryotoxicity (early deaths) in 3 day chick embryos. The most common 
malf ormations were defects of the right eye and right wing, defects of the 
coelomic wall and twisting and stunting of the dorsal aspect of the 
embryos, not unlike those seen in the experiments with rat embryos 
described above. These chemicals are widely used in the rubber industry and 
many of them have been shown to be mutagenic (Levin et al., 1983; Ames et 
al., 1982). 
Vitamin H ((x-tocopherol) deficiency in female rats leads to embryonic 
retardation on the 8th day of gestation and death on the 13th day (Evans 
and Bishop, 1922). Administration of a single dose of vitamin E on or 
before the 8th day of gestation resulted in normal foetuses at term (Cheng 
and Thomas, 1953). If vitamin E was given during the 9th to 12th day of 
gestation, congenital abnormalities were always present, the frequency of 
any one abnormality being related to the f irst time of gestation at which 
vitamin E was administered. Furthermore, it was shown that 
the synthetic 
antioxidant N, NI-diphenyl-p-phenylenediamine (DPPD) but not ethoxyquin, was 
at least as effective as vitamin E in reversing sterility, and 
that this was 
not due to a 'sparing' action on residual amounts of vitamin 
E (Draper et 
al., 1964). However, it was not certain whether vitamin 
E acted directly 
upon the conceptus to support gestation, or whether 
its presence in the 
maternal system was necessary for the 
biosynthesis of some compound that 
influenced gestation, such as a steroid hormone. Steele et al., 
(1974) 
showed, using the rat embryo culture system, 
that vitamin E was necessary 
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f or the embryo to prevent embryonic death, and also that DPPD but not 
ethoxyquin was equally capable of preventing embryonic death. The timing of 
growth retardation and death in vitamin E-def icient rat embryos may be 
linked to the onset of cytochrome P-450 or P-448 enzyme activity in 
organogenesis stage embryos. Galloway et al., (1980) have demonstrated 
direct evidence that genetically responsive mouse embryos (early post- 
implantation stage) possess the subcellular processes necessary f or 
induction of enzymes that metabolise some aromatic hydrocarbons, that is, 
the cytochrome P-450 enzymes. The ability of methylcholanthrene to induce 
cytochrome enzymes in 10 day old rat embryos has also been demonstrated 
(Juchau et al., 1985). The presence of detectable quantities of superoxide 
radical and H: 20-, in normal mammalian tissue is possibly related to the 
uncoupling of various isozymes of the P-450 monooxygenase system. Vitamin 
E is a lipid soluble antioxidant that is thought to be very important in 
preventing singlet oxygen initiation of lipid peroxidation and premature 
babies have low levels of vitamin E (Halliwell, 1984). 
The potential of NADPH-dependent microsomal proteins to cause 
embryonic toxicity has been investigated using an In vitr-o mouse blastocyst 
culture system Cannaccone, 1986). It was shown that microsomes from 
methyloholanthrene induced Sprague-Dawley rats, were able to decrease the 
viability of cultured mouse blastocyts in the presence of NADPH. This 
ability was negated in the absence of NADPH or if the microsomes were 
boiled. Furthermore, the ef fects were partly alleviated by the addition of 
the synthetic antioxidant, butylated hydroxytoluene, or by the addition of 
SOD. The author concluded that the mechanism of toxicity was superoxide 
mediated lipid peroxidation of phospholipids necessary for membrane 
synthesis. 
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The results of the experiments detailed above demonstrate that exposure 
of cultured rat embryos in vitro to xanthine/xanthine oxidase generated 
oxygen radicals, produces malformations and embryonic death in a dose 
related manner. Also, the sensitivity of embryos to the effects of 
generated oxygen radicals is greater than that of cells in culture. Xanthine 
oxidase (20 mU), without added xanthine but using the substrates available 
in rat serum, was toxic to embryos with continuous exposure, whereas 19 mU 
of xanthine oxidase with 114 yM xanthine allowed 38% survival in Chinese 
Hamster Ovary cells exposed for 24 hours (Phillips et al., 1984). The 
sensitivity of rat embryos may be explained by the low levels of 
antioxidants present in embryonic tissue. Lambert and Thorgeirsson (1976) 
have measured the glutathione in mouse embryonic liver and it was shown to 
be 12% and 33% of adult levels at 15 days gestation and at birth 
respectively. Also, vitamin E levels in premature babies are lower than in 
full term infants and treatment with vitamin E offers some protection 
against the development of retrolental fibroplasia and intra-cranial 
bleeding (Halliwell, 1984). The addition of high levels of glutathione was 
shown to protect rat embryos against the effects of xanthine/xanthine 
oxidase (Table 3.8. ). 
With regard to the nature of the active oxygen species ultimately 
responsible for the teratogenic effects of xanthine/xanthine oxidase, the 
results presented in table 3.6., 3.7. and 3.9 offer some clues. SOD was shown 
to be totally ineffective in preventing the effects of the generated oxygen 
radicals. In Chinese Hamster Ovary cells, SOD was effective in abolishing 
the induction of chromosome aberrations by xanthine/xanthine oxidase, but 
not the induction of sister- chromatid exchanges or cell mutation (Phillips 
et a]., 1984). This finding was supported by the work of Emerit (1982) but 
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is contrary to that of Iwata et al., (1983) and Sofuni and Ishidate (1984) 
who f ound that SOD had no effect on the frequency of chromosomal 
aberrations. 
Catalase, which promotes the dismutation of H20: 2 to water almost 
completely abolished the ef fects of xanthi-ne/xanthine oxidase on cultured 
rat embryos (Table 3.6. ). Indeed, catalase seems to be almost universally 
effective in preventing the toxic effects of enzymically generated active 
oxygen species (Phillips et al., 1984; Sofuni and Ishidate, 1984; Emerit, 
1985). Mannitol, an hydroxyl radical scavenger, was totally ineffective in 
preventing the effects of xanthine/xanthine oxidase, and even appeared to 
slightly potentiate the response or at least give an additive ef fect due to 
its own slight toxicity (Table 3.7. ). 
The results discussed so far suggest that H202 is responsible f or the 
teratogenicity of the xanthine/xanthine oxidase radical generating system. 
The data presented in Table 3.9. where Hg-, O: --, itself was added directly to 
the embryo culture system, supports the view of the intimate involvement of 
H-20-, as a teratogen In vitro. Hydrogen peroxide has been shown to induce 
chromosomal aberrations in various types of mammalian cells in culture 
(Sch6neich, 1967; Stich et al., 1978; Kawachi et al., 1980; Tsuda, 1981; Speit 
and Vogel, 1982). The clastogenic properties of H-, 0; 2 have been universally 
demonstrated in cultured mammalian cell lines but contradictory results 
have been obtained with primary cultures such as human lymphocytes (Speit 
and Vogel, 1982). It has been suggested that the difference is due to a 
contrasting capacity for degrading H202. Cells are known to differ in their 
catalase activity, and a reduced catalase activity was found f or permanent 
cell lines (Liberman and Ove, 1958). 
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Glutathione (GSH), when added to the embryo culture system in the 
presence of xanthine/xanthine oxidase (Table 3.8. ) offered some protection 
against the teratogenic effects of xanthine/xanthine oxidase at the 
relatively high level of 10 mM. Whereas, at the lower doses of 1.3 mM and 
0.1 mM the effects of xanthine/xanthine oxidase were exacerbated. This 
contradictory picture is perhaps explained by several observations by other 
workers. Glutathione has been shown to potentiate the production of 
hydroxyl radicals generated by the oxidation of xanthine, alsoit was found 
that thiol compounds themselves in the presence of iron salts and added 
H202 generate hydroxyl radicals at a significant rate (Rowley and Halliwell, 
1981). However, this was demonstrated in a cell free system and it is 
generally accepted that no cellular uptake of GSH exists (Meister, 1983). 
Furthermore, on the one hand, H202 can be found in the process of 
Itautoxidation" of thiol compounds (Friedman, 1973; Torchinskii, 1974); and on 
the other hand, thiol compounds can prevent the action of electrophiles 
owing to their reducing property by trapping the radicals formed (Asada 
and Kanematsu, 1976; Freese, 1971). It would appear that the protective and 
potentiating effects of GSH are due to a balance between the concentrations 
of H: --02, GSH and probably intracellular catalase. It is unlikely that 
hydroxyl radicals produced extracellularly in the way described by Rowley 
and Halliwell (1981) could penetrate into a cell to cause damage to DNA or 
cell membranes. 
It would seem from the discussion above that H202 is primarily 
responsible for the teratogenic effects of xanthine/xanthine oxidase. It is 
also possible that a cascade of free radical events could occur, causing 
damage to various cell systems after overwhelming secondary detoxication 
mechanisms. The final damage resulting in teratogenic effects could consist 
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of several components such as membrane lipid peroxidation, enzyme 
modification and chromosomal damage (Raleigh and Shun, 1983; Halliwell, 
1978). 
It is quite certain that one or more of the active oxygen species 
produced by the xanthine/xanthine oxidase was responsible for the 
teratogenic effects seen. Also that one or more of the cell molecules or 
structures was the site of the toxicity of the radicals. The question of how 
that teratogenic insult was translated into a morphological defect, which 
was consistent qualitatively between embryos but which differed quite 
markedly in its quantitative appearance remains. The wavy appearance of the 
neural suture that was typical of the ef fects of xanthine/xanthine oxidase, 
has also been reported by other workers using different treatments, e. g. 
methoxyacetic acid at 3 mM resulted in a "wavy or zipper-like appearance of 
the neural suture line", (Yonemoto et al., 1984). It seems likely therefore, 
that the mechanism which converts a teratogenic insult into a malf ormation 
may be common to many if not all teratogens. 
Snow (1985) has made some generalisations about embryo development and 
teratogenicity: 1) Normal embryonic development is a highly coordinated 
procedure. Normal inductive interactions depend upon close synchronisation 
between tissues. 2) Teratogenic insults kill cells. The cell death may be 
immediate or delayed. 3) The extent of cellular necrosis dif f ers according 
to tissue or organ type. It probably reflects differences in cell cycle 
characteristics of the component cells. 4) Except in rare instances, tissue 
necrosis is not confined to single tissues or organs, nor is it confined 
to 
those organs which subsequently become abnormal. 5) Restorative growth 
occurs at least initially in all damaged or deficient tissues. 
6) 
Restorative growth occurs at different rates in different tissues. 
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Restorative growth descibes the processes which the mammalian embryo 
may use to correct f or any tissue damage or def icit it has suf f ered. It 
consists mainly of an increase in cell replication rates in order to 
compensate f or cell loss, however, due to the dif f ering rates of cell 
division in normal embryonic tissues, the degree to which cell types can 
accelerate their rate of growth is restricted, This creates an imbalance 
between cell types in a tissue and probably between organs within an 
embryo. In the case of xanthine/xanthine oxidase induced abnormalities, they 
are seen to occur at the site of the change in flexion from dorsally 
concave to ventrally concave which occurs at approximately 1OV2 days of age. 
In order to change the f lexion in an embryo, its tissues must divide at 
dif f erent rates and if that rate of division is upset then the change in 
flexion will be disturbed. 
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CBMTER 4 
XALE-XEDIATED TERATOGENICITY : 
ACUTE EXPER IMENTS IN VIVO V ITH CYCLOPHOSPHAX ]EDE. 
INTRODUCTION 
Genetic damage or mutations, induced in male germ cells by exposure to 
mutagens can be detected using various endpoints depending on the character 
of the mutation. Dominant mutations can be detected by lethality in the F1 
generation (Bateman, 1966; Anderson et al., 1981) and also by the 
observation of cataracts in the lens of the eye (Kratochvilova, 1979). 
Recessive mutations can be monitored using the specific-locus test (Ehling, 
1978), non-lethal chromosomal mutations by the heritab le-trans location test 
(Adler, 1980) and poly-genic mutations by quantitative characters such as 
skeletal dimensions (Festing, 1979). 
Congenital malformations can be induced by exposure of the mother to 
teratogens in early pregnancy. The mechanisms by which teratogens exert 
their ef fects in the embryo include mutation but many teratogens are not 
mutagens, and these operate by interfering with one or more of the 
specialised processes that occur in developing embryos. Exposure of the 
father to certain agents such as dibromo-chloropropane (DBCP) and 
salazopyrin (Whorton et al., 1977; Giwercman et al., 1986) can result in 
temporary or prolonged sterility. This could be described as an indirect 
effect on potential offspring in that it prevents their conception. The 
mechanism by which agents induce congenital malformations in the offspring 
of exposed males is usually considered to have a genetic basis. Indeed, the 
few animal studies which have shown significant increases in the numbers 
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of abnormal offspring have all used mutagenic agents such as X-rays, 
cyclophosphamide (CP), etc. (Nomura, 1982; Kirk and Lyon, 1984). However, 
agents not normally considered to be potent mutagens e. g. methadone and 
ethanol, have been shown to produce changes in reproductive outcome af ter 
treatment of the male Gof f e, 1979; Badr and Badr, 1975). 
Whilst the concept of abnormal of f spring due to genetic damage in the 
male patient is perfectly plausible, the convincing demonstration of such an 
effect in controlled animal experiments has proved difficult. The 
experiments of Nomura (1982) and Kirk and Lyon (1984) using urethane and 
X-ray treatment of male mice showed significant, dose-related, increases in 
abnormal offspring. Less severe defects such as skeletal abnormalities and 
cataracts have also been shown to be induced by both physical and chemical 
agents (Selby and Selby, 1977; Kratochvilova, 1981) although the ethyl 
nitrosourea- induced skeletal abnormalities are not reproducible (Lovell et 
al., 1985). 
As part of the Ministry of Agriculture, Fisheries and Food (MAFF) 
contract f or basic research into genetic and reproductive toxicology, it was 
decided to investigate the potential of chemicals to induce morphologically 
abnormal offspring of litters of treated males mated with unexposed 
females. CP was selected as a model compound for several reasons: - 
1) CP is a powerful mutagen, carcinogen and teratogen (IARC, 1981). 
2) After metabolic activation, CP has been shown to cause chromosomal 
damage both in vivo and in vitro (Mohn and Ellenberger, 1976). 
3) CP has been reported to induce small increases in the number of 
abnormal offspring in litters of acutely treated male rats 
(Knudsen et al., 1977) and also to induce behavioural anomalies in 
pre-weaning neonates (Adams et al., 1980). 
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4) CP had been used in the BIBRA laboratories as a positive control in 
various assays. 
Structural and Xolecular Formulae and Xolecular Veight. 
/ CH2. CH:,, -Cl 
0- N 
ýP=o 
CH2-. CH2Cl 
-NH 
H20 
C7H, rC1; 2N: zO; 2P. H; 20 Mol. wt.: 279.1 
Chemical and Physical Properties of the Pure Substance (Wade, 1977). 
a) Description: Fine, white, odourless or almost odourless, crystalline 
powder with a slightly bitter taste. 
b) Melting point: 49.5 - 53 *C. 
c) Solubility: Soluble in water (1 in 25) and ethanol (1 in 1). 
d) Stability: Sensitive to oxidation, moisture and light. 
Absorption, distribution, excretion and metabolism 
In most species, radio-labelled CP is rapidly absorbed, metabolised and 
excreted. In rats, the specific activity in tissues is highest within 20 to 
30 minutes following i. p. injection; upto 75% of the radioactivity is 
excreted within 5 to 8 hours (Talha et al., 1980). CP is not cytotoxic 
per se, since it requires metabolic activation bef ore it can act as an 
alklating agent (Brock et al., 1971). Activation takes place predominantly 
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in the liver, although other tissues may be able to activate the drug 
(Manson and Simons, 1979). 
The metabolic pathway of CP is shown in Fig. 4.1. The 4-hydroxy 
derivative, which is the primary metabolite exists in equilibrium with its 
ring-opened tautomer, aldophosphamide. Either metabolite can undergo further 
metabolism by mammalian enzymes to 4-ketocyclophosphamide, in the case of 
4-hydroxycyclophosphamide, or to the propionic acid derivative, in the case 
of aldophosphamide. Both compounds have poor alkylating activity, are 
relatively non-toxic and represent major urinary metabolites of CP in a 
number of species. However, in the absence of enzymes to carry out the 
detoxication reaction, aldophosphamide can decompose to f orm phosphoramide 
mustard and acrolein (Connors et al., 1978). The toxic side ef fects of CP 
are probably due to phosphoramide mustard and acrolein. 
This chapter describes the methods and results of three experiments, 
1) a preliminary experiment in S-D rats, 2) an experiment in CD-1 mice, 
where CP was used as a positive control in an experiment investigating the 
genotoxic potential of 2-methoxyethanol, 3) an experiment in CD-1 mice 
using a statistically calculated design based on the results of the second 
experiment. 
The preliminary experiment was designed to explore two potential 
methodologies, that is, performing a post-mortem on day 11 of gestation and 
examining the embryos derived from treated males using the techniques 
developed for in vitio embryo culture. The results were compared with those 
generated from post-mortems performed on day 20 of gestation, as in a 
standard teratology assay. The data from the first experiment using CD-1 
mice was generated as part of a much larger study commisioned by MAFF. 
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Fig. 4.1. Netabolism of Cyclophosphamide 
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The second experiment was designed with group sample sizes sufficient 
to achieve a significant result at the 5% level, if the incidence of 
abnormal f oetuses was the same as in the f irst experiment (Margolin et al., 
1983). Power is the degree of assurance of detecting a postulated level of 
mutagenic effect 
4.2. IMRn&'R 
For the preliminary experiment, in-house bred Sprague-Dawley rats, 
originally obtained f rom Olac (Bicester, Oxon. ) were used. For the other two 
experiments, male and female mice (8-10 weeks of age) were purchased from 
Charles River U. K. Ltd., Margate, Kent. 
All male animals were maintained on Rat and Mouse N. 1 expanded diet, 
females were maintained on Rat and Mouse N. 3 expanded diet, purchased 
from Special Diet Services Ltd., Witham, Essex, and was supplied ad 11b to 
each cage by hopper. Tap water was available ad 11b. 
The male animals were singly housed in labelled cages. Prior to mating, 
females were housed in groups of four or f ive. During each mating week, two 
females were caged with each male. All animals were kept in cages 
constructed of solid plastic sides and stainless steel grid tops and f loors. 
The animal rooms were controlled as closely as possible to the following 
conditions: - 
temperature 22 ±2 *C 
relative humidity 
artificial light 
45 - 75% 
12 hours light, 0600-1800 GMT 
12 hours dark, 1800-1600 GMT 
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There were at least 15 air changes per hour with no recirculation. 
Cyclophosphamide (Endoxana) was obtained from Ward Blenkinsop 
Pharmaceuticals Ltd., Bracknell, Berkshire, by kind donation. Endoxana was 
made up to a working solution, immediately before use, by addition of 
sterile distilled water. The preparation contained the necessary salts to be 
equivalent to physiological saline. The control treatment was physiological 
saline at 0.85% w/v NaCl in sterile distilled water. This solution was 
autoclaved at 15 lb/sq. in. for 10 minutes to prevent fungal growth with 
storage. 
The special precautions adopted f or treating and maintaining animals 
when using CP were as follows: - 
1) CP, as a potent mutagen and carcinogen was handled only when using 
the techniques as laid down in the BIBRA safety codes of practise, 
e. g. gloves, mask, etc. were used. 
2) Cage litter from the treated males for the week after dosing was 
placed in labelled white bags prior to incineration. 
3) Any spillages were wiped up and decontaminated in 2N KOH in 
methanol f or 1 hour. 
Groups of 10 male rats were dosed singly with either saline or 50 
mg/kg CP by gavage in a volume of 5 ml/kg. The male rats were then 
sequentially caged with pairs of virgin female rats for upto nine days on 
days 17 to 25 post- treatment. Females were checked daily f or the presence 
of sperm in a vaginal smear, this was classified as day 0 of pregnancy. On 
day 11 and 20 of pregnancy, one female from each pair was killed. The 
embryos from the day 11 post-mortems were examined for abnormalities, the 
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crown-rump length measured, somites counted and the protein content 
determined as in 3.3.5. Each foetus from the day 20 post-mortems was 
weighed, examined for gross external malformations and preserved in 70% 
alcohol. All female rats were examined for corpora lutea, total implants, 
live implants, early deaths and late deaths. Each male rat was evaluated for 
testes weight, cauda weight, volume of seminal fluid and sperm count. 
ln experiment 1, groups of 10 male mice were dosed with either 0.9% 
NaCl or 100 mg/kg CP per os by gavage with an administered volume of 10 
mg/kg. The male mice were then sequentially mated with pairs of virgin 
female mice f or up to seven days on days 8 to 35 post-treatment f or the 
controls and days 8 to 21 post-treatment f or the CP treated group. In 
experiment 2, groups of 56,62 and 68 male mice were dosed with 0.9% NaCl, 
75 mg/kg CP or 100 mg/kg CP respectively and mated to virgin female mice 
on days 15 to 21 post-treatment. Eighteen days following the f inding of a 
vaginal plug, the females were killed and the uterus evaluated f or: total 
number of implants, number of live f oetuses, number of dead foetuses, number 
of late deaths, and the number of early deaths (dominant lethals). Each 
foetus was weighed and examined for gross external abnormalities before 
preservation in 70% alcohol. 
In experiment 1, a sample of the f oetuses from the control and CP 
treated groups were eviscerated, sexed and alizarin stained prior to 
examination for minor skeletal abnormalities. In experiment 21 
haematopoietic tissues were sampled from any abnormal pups, and f rom a 
normal littermate, f or karyotype analysis. 
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In order to assess whether any persistent damage was induced in the 
spermatogonia of male mice acutely exposed to an oral dose of 0,75, or 100 
mg/kg CP, two mice from each treatment group were injected with 0.1 ml/259 
bodyweight of lmg/ml colchicine, 30 weeks after treatment. After a minimum 
of 5.5 hours the six male mice were killed and one testis removed from each 
animal and placed in 5ml of 2% Na citrate solution. The tunica, or outer 
membrane was torn open and the tubules teased out and thoroughly minced 
with fine forceps and tissue scissors. This suspension was centrifuged at 
500 r. p. m. f or 5 minutes and the supernatant discarded. The tubules were 
resuspended in 1% Na citrate at 37*C for 10 minutes prior to recentrifuging 
at 1,000 r. p. m. for 5 minutes. All the supernatant except for 1 ml was 
removed and the cell pellet resuspended. A fixative (2 ml of a 3: 1, 
methanol: glacial acetic acid mixture) was added to the cell suspension and 
the cells fixed by gentle agitation. The fixative was changed twice more by 
centrifugation at 1,000 r. p. m. for 5 minutes before overnight storage at 
20*C. The following morning the fixative was changed once more and slides 
prepared by dropping f ixed cells onto clean dry glass slides. The slides 
were air-dried and stained with 5% Giemsa bef ore mounting in Depex with 
glass coverslips. The slides were coded before scoring 100 metaphases from 
each animal (200 from each dose group). 
Dominant lethal data were analysed by analysis of variance following 
the Freeman-Tukey arc-sine transformations. Incidence levels of gross 
abnormalities were anlysed by Fisher's exact test. The index of dominant 
lethality was calculated with the equation used by Kirk and Lyon, (1984). 
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Dominant lethality M= (1-A/B) x 100 
where A= normal f oetuses treated/total implants treated, 
and B= normal f oetuses control/total implants control. 
4.3. RESULTS 
The results of the evaluation of the embryos from the day 11 post 
mortems can be seen in Table 4.1. It can be seen that the mean values for 
the growth and development parameters are lower in the CP group than in 
the control group although only that of the protein content was significant. 
It can also be seen that the number of runted embryos (protein content less 
than 75% of the mean f or the litter) and grossly abnormal f oetuses were 
increased over that seen in the control group. Individually, the increases 
were not signif icant, and, when the number of runts and grossly abnormal 
f oetuses were combined, the increase was modest and not signif icant 
(p=0.057). The gross abnormalities included turning abnormalities, open 
neural tubes, mis-shapen head, and gross deformities. Two embryos with a 
turning deformity and open neural tube appeared in the same CP litter. Also, 
two of the runts appeared in the same control litter as one of the abnormal 
embryos. The results of the evaluation of the day 20 post-mortem, foetuses 
are presented in Table 4.2. The mean bodyweight of the f oetuses in the CP 
group was signif icantly greater than that of the control group (p <0 . 05). 
However, the number of f oetuses in the CP group litters was much lower than 
that of the control group and consequently they would have had a marked 
growth advantage due to the much reduced demand on the resources of the 
dam (Padmanabhan and Singh, 1980). 
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Table 4.1. Results of Day 11 Post-Xortem Enbryo Evaluations 
x of litter values 
Control CP 
Number of litters 10 
Number of embryos 121 (12.1) 
Mk 
Crown-rump length 3.4±0.3 
Somite number 25.0±1.6 
Protein content 197.7±36.1 
Runts (total) 4 (3.3)r- 
Grossly abnormal (total) 2 (1.7) 
6 
691:, (11.5) 
3.2±0.3 
24.2±2.0 
164.0±30.2: 4, 
4 (5.7) 
4 (5.7) 
a= per female, b= one litter of 12 embryos not included in 
growth parameters because post mortem done on day 12 
c= percentage abnormal, *= p<0.05,1-tailed t-test. 
As in the day 11 post mortems, the number and percentage of grossly 
abnormal foetuses and runts was increased in the CP group compared with 
the control group, and the increase in grossly abnormal f oetuses was 
significant, p=0.014. Both the abnormal foetuses in the control group were 
in the same litter and had an identical abnormality, that is, tailessness 
and growth retardation. In the CP group there was one foetus with 
hydrocephalus, and two foetuses, again in the same litter, with craniofacial 
abnormal it ies. There was also af oetus in the CP group with a discrete round 
black body (2mm diameter) on its dorsal surf ace that was not of the 
appearance of the haematomas that are found occasionally on some f oetuses 
in both control and treated groups. In any case it was not classified as an 
abnormality. Combining the data from both post-mortem times, there were 
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4/233 and 7/66 grossly abnormal foetuses in the control and CP groups 
respectively (p=0.008). 
Table 4.2. Results of Day 20 Post-Nortem Foetus Evaluation 
Control CP 
Number of litters 93 
Number of foetuses 116 (12.9)- 17 (5.7)- 
x litter bodyweights 3.0±0.2 3.5±0.11=, 
Number of runts, 0 1 (5.9)1-- 
Grossly abnormal 2 (1.7)r- 3 (17.6)r-* 
a= per female, b= one litter of 4 foetuses not included 
because post mortem done on day 22, c= percentage abnormal 
p=0.029. 
The pregnancy rate achieved by the male rats treated with 50 mg/kg CP 
was exactly 50% that of the control group, also there was a significant 
difference in the pre- implantation loss (corpora lutea - total implants) 
(see Table 4.3. ). The pre- implantation loss in the CP group was 18.2% 
compared with 9.5% in the control group (X2 = 8.19, p<0.01), with no 
appreciable difference between the mean number of corpora lutea per 
female 
in the two groups. There was a highly significant effect on the proportion 
of early deaths in the CP-treated group. The induced dominant 
lethality 
calculated from the increase in dead implants was 25.7% 
(p<0.001). The 
increase in the proportion of late deaths in the CP group (0.3 per female) 
compared with 0.1 per female in the control group was not significant, 
(p=0.14). 
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Table 4.3. Characterisation of Implants from Female Rats Mated to Males 
Treated with 0 or 50 mg/kg bodyweight Cyclophosphazide. 
Control CP 
Pregnancies 20/20 10/20 
Corpora lutea 315 (15.8) 159 (15-9) 
Total implants 285 (14.3) 130 (13.0) 
Live implants 237 (11.9) 86 (8-6) 
Early deaths 46 (2.3) 41 (4.1) 
Late deaths 2 (0-1) 3 (0.3) 
Induced 
dominant lethality % 25.7**: * 
***, p<0.001; Number per female are given in parentheses 
Table 4.4. Results of the Evaluation of Reproductive Parameters in the 
Control and CP Treated Male Rats. 
x Values ± S. D. 
Control CP F Statistic 
N 10 
Testes weight (g) 3.63±0.40 
Cauda weight (g) 0.48±0.07 
Semen volume (pl) 33.20±8.70 
Sperm count (x106) 1.46±0.21 
10 
3.45±0.30 1.38 N. S. 
0.45±0.06 0.94 N. S. 
34.80±15.80 0.08 N. S. 
1.41±0.33 0.13 N. S. 
N. S. = not significant 
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It can be seen in Table 4.4. that none of the parameters gave any 
indication of a significant adverse effect on the apparent reproductive 
capacity of the male rats in either the control or CP treatment groups. 
There was a general trend towards decreased values in the CP group, 
although none of these were significant and may have been related to the 
slightly lower mean bodyweight of the CP group at the time of dosing (490g 
as compared with 522g in the control group). 
The character isat ion of implants f rom the females autopsied on day 18 
of gestation are presented in Table 4.5. With the doses used, no ef f ect on 
the fertility of the males was seen as shown by the percentage of f emales 
with implantations. Also, no reduction in the total number of implants, in 
the treated group indicated that there was no increase in the rate of pre- 
implantation loss. In both experiments there were significant reductions in 
the number of live implants in the litters of CP-treated males, paralleled 
by highly significant increases in the -number of early deaths (dominant 
lethals). In neither experiment was any ef fect on late deaths evident. The 
incidence of abnormal f oetuses in the progeny of the CP-treated male mice 
of experiment 1 was approximately f ive times that seen in the concurrent 
control group (1.4% vs 0.3%, table 4.6). In numerical terms 4 of 277 live 
foetuses in the CP-treated group and 2 of 671 live foetuses in the control 
group were grossly abnormal (P = 0.06, Fisher's exact test, one-tailed). In 
experiment 2 the high-dose CP-treated group showed an incidence of gross 
abnormalities approximately f ive times that of the concurrent control (0.5% 
vs 0.1%). Of the 1204 live foetuses in the 100 mg/kg CP group, 6 were 
grossly abnormal whilst only 1 of the 1125 live foetuses in the control 
group was grossly abnormal (p = 0.08, Fisher's exact test, one-tailed). 
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Table 4.6. Incidence of Grossly Abnormal Foetuses in Progeny of 
Cyclophosphamide-Treated Nale Xice 
Group and Total 
experiment Foetuses 
number N 
Grossly abnormal Dwarf Grossly abnormal 
foetuses foetuses & dwarf foetuses 
NN f0 /0 N 
Control 1 671 2 0.3 6 0.9 8 1.2 
100 mg/kg 277 4 1.4 2 0.7 6 2.2 
Control 2 1125 1 0.1 5 0.4 6 0.5 
75 mg/kg 2 966 1 0.1 10 1.0 11 1.1 
100 mg/kg 2 1204 6 0.5 12 1.0 18 1.5:, #, 
Control 1+2 1796 3 0.2 11 0.6 14 0.8 
100 mg/kg 1+2 1481 10 0.7* 14 1.0 24 1.6: 4, 
f Fisher exact test, one-tailed; P=0.02 v control. 
No increase in the number of grossly abnormal f oetuses was seen in the 
75 mg/kg CP-treated group (see Table 4.6. ). No increased incidence of dwarf 
f oetuses was seen in experiment 1 but at both dose levels in experiment 2 
the incidence of dwarf f oetuses was at least double that of the concurrent 
control. When the numbers of grossly abnormal and dwarf f oetuses are 
combined in experiment 2 then the total number of abnormal f oetuses 
increased in a dose-dependent manner, with the high-dose, CP-treated group 
having a statistically significant increase over the control incidence 
(P=0.02, Fisher's exact test, one-tailed). When the results of the two 
experiments were combined then both the increase in grossly abnormal 
foetuses and that of total abnormal foetuses was significant (P = 0.02, 
Fisher's exact test, one-tailed). 
Table 4.7 details the type of abnormalities seen in these experiments. 
Of litters with abnormal f oetuses, only four had more than one and 'none 
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more than two. The litters with two abnormal offspring were distributed 
between the treatment groups such that two were in the control group, one 
in the 75 mg/kg CP group and one in the 100 mg/kg group. 
Table 4.7. Results of Experiments land 2. Characterisation of Abnormal 
Foetuses 
Experiment 1 Experiment 2 
Abnormality Control CP 100 mg/kg Control CP 75 mg/kg CP 100 mg 
Exencephaly 12 
Megalocephaly 1 
Thoracogastro- 
schisis 
Cleft palate 
Open eye 
Dwarf *625 10 12 
*= Weight of less than 75% mean weight of the rest of the litter. 
From tables 4.8 and 4.9 it can be seen that CP treatment of male mice 
does not result in a change in the sex ratio of the offspring nor did it 
appear to increase the rate of minor skeletal abnormalities. The 
haematopoietic tissue sampled in experiment 2 presented scorable metaphases 
in the majority of samples. However, no consistent numerical or structural 
chromosomal abnormalities detectable by conventionable Giemsa staining were 
detected (data not shown). 
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Table 4.8 Results of Experiment 1. Sex Ratio of Foetuses 
Group 
No. of male No. of female 
No. of litters foetuses M foetuses (%) 
Control 26 146 (51.4) 
Cyclophosphamide 100 mg/kg 28 117 (51.8) 
138 (48.6) 
109 (48.2) 
Table 4.9 Results of the Examination of Alizarin Stained Foetuses for 
Minor Skeletal Abnormalities. Experiment 1. 
No. of foetuses 
examined (litters) 
% Litters 
with minor 
abnormalities 
% Foetuses 
with minor 
abnormalities 
% Foetuses 
with 14'1-1-1 
rib/s 
Control 112 (10) 50 10 16 
CP 100mg/kg 149 (20) 35 6 21 
From the results of Table 4.10 it can be seen that in the male mice 
sampled from the 75 and the 100 mg/kg dose groups, approximately 30 weeks 
after treatment, the levels of structural chromosome aberrations in 
spermatogonial cells was very similar to that in the control mice. Also, the 
numbers of non-diploid cells in the spermatogonia of CP exposed male mice 
was also very similar to that in control mice. These negative results are 
not unexpected as there is no evidence that an acute exposure of CP can 
induce dominant lethality in the embryos derived from exposed 
spermatogonial cells. Indeed, spermatogonial cells are recognised as being 
particularly resistant to mutagenic insult (Bateman, ly! Db). it 1S 
interesting that over one-third of the spermatogonial cells, in all three 
groups, were non-diploid. The majority of the hypo-diploid cells possessed 
132 
39 chromosomes (diploid number = 40). Loss of one or several chromosomes 
is often ascribed to a technical artefact. However, most of the non-diploid 
cells were hyper-ploid, some being exact multiples of the haploid number 
(60 or 80) but many having chromosome complements bearing no relation to 
the haploid number. There is no obvious explanation for the large number of 
cells showing non-diploidy except perhaps for the age of the animals at 
sampling, (approximately 9 to 10 months). 
Table 4.10 Results of Spermatogonial Xetaphase, Analysis of 
Xice Treated with 0, 75 or 100 mg/kg CP 
CP Dose Gaps Chromatid Chromosome Hypo- Hyper- Di- 
Group Breaks Breaks ploidy ploidy ploidy 
0 11 2 2 9 26 65 
0 17 7 1 6 26 68 
75 11 3 1 9 37 54 
75 7 4 2 4 37 59 
100 17 6 2 14 28 58 
100 5 2 0 7 30 63 
Mice of this age are nearing the end of their fertile period and these 
results perhaps reflect the natural breakdown in spermatogenesis that 
occurs with age. 
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4.4. Discussion 
Perhaps the most striking result from the preliminary experiment, was 
the poor pregnancy rate achieved by the CP treated male rats. The cause of 
the poor pregnancy rate appeared to be a failure to mate rather than 
infertility. Even though the male rats were caged with the females f or up 
to 9 consecutive nights (over 2 oestrus cycles) only 10 of the 20 female 
rats in the CP group were sperm positive. Knudsen et al., (1977) used acute 
doses of 0,25,50, and 100 mg/kg bodyweight in Wistar rats and 59% was 
the lowest pregnancy rate achieved in the 100 mg/kg group. 1n another 100 
mg/kg group and a 50 mg/kg group, the pregnancy rates were both around 
90%. Perhaps the explanation for the poor pregnancy rate lies in the fact 
that the animals used in the experiment were bred in-house and were 
perhaps one or two months older than the age that one would normally use 
for breeding studies (10-12 weeks). However, the animals used were randomly 
distributed between the two groups and the control animals achieved a 100% 
pregnancy rate. It must be assumed theref ore that a chance ef f ect was 
operating and resulted in an unequal distribution of animals, although the 
possibility that the toxicity of CP was responsible cannot be excluded. 
The overall rate of induced dominant lethality, was, at 25.7%, highly 
significant, and the percentage of early deaths in the CP group was 33.8% 
which is very similar to that found by Knudsen et al., (1977) using Wistar 
rats, of 31 to 36%. This correlates well with the finding, in this 
laboratory, of around 73% dead implants in the same strain of rat but 
treated with the higher dose of CP of 100 mg/kg (Anderson et al., 1987). 
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The control rate of dominant lethality, at 16.8% dead implants, was high 
compared with historical levels of 9.0 to 14.2% (Knudsen et al., 1977) and 
5.5 to 8.8% (Anderson et al, 1987). In fact there were 48 dead implants in 
the control litters out of a total of 285 implants. Of those 48 dead 
implants, 32 were contributed from the mating of just two males. Male 
number 2 produced 9 early deaths in both of its litters while male number 
5 produced 4 and 10 early deaths in each of its two litters. These values 
are extroardinarily high and indicate the possibility that the two male 
rats were carrying some genetic defect, perhaps a chromosome translocation 
or recessive gene mutation, that was not compatible with embryonic 
development. Semisterile translocation bearers have normal gametogenesis 
and mating behaviour, but produce small litters because some of their 
gametes carry duplications and deletions, producing embryos with an 
unbalanced chromosomal complement that results in early death (Russell and 
Shelby, 1985). The control rates of heritable trans locat i ons are very low, 
0.1% in mice (Brusick, 1980), so the probability of two animals in a control 
group bearing a heritable translocation is very low. However, as these 
animals were f rom an in-house breeding stock, it is possible that they were 
slightly in-bred, thereby increasing the probability of homozygosity f or 
recessive lethal genes. The problem of in-breeding extends to the 
observations on abnormal offspring in that in both the control and CP 
groups, there were clusters of two similar abnormalities in the same 
litters. In the day 20 post-mortems both the gross abnormalities seen in 
the control group were growth retarded and tailless and were in the same 
litter. Likewise, the two foetuses in the CP group with craniofacial 
abnormalities were in the same litter. 
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The gross abnormalities seen in the day 11 post-mortems were far more 
severe than those seen at day 20. It is possible to speculate that these 
embryos were in fact destined to die and so became early deaths. The 
growth parameters measured at both the day 11 and day 20 post-mortems did 
not reveal any significant detrimental effect of paternal CP treatment on 
the normal offspring, however, it must be borne in mind that the sample 
sizes were quite small, especially in the CP group at 20 days. 
The evaluation of reproductive parameters in the control and CP-treated 
male rats gave no suggestion of any adverse ef fect with treatment. This is 
in agreement with the pathological findings of Anderson et al., (1987) 
where a single oral dose of 100 mg/kg CP, produced barely detectable 
pathological degeneration and depletion of specific spermatogenic cell 
populations. 
In contrast to the preliminary experiments with rats, in neither of the 
two experiments with mice was there any indication of an effect of CP on 
the pregnancy rate attained by the treated males. 
The dominant lethal results are in close agreement with published data 
(Anderson et al., 1977; Epstein et al., 1972; Machemer and Lorke, 1975). 
Dominant lethal ef f ects result f rom genetic damage, induced in a germ cell, 
that kills the conceptus during early embryonic development, generally after 
implantation in the uterine wall (Russell and Shelby, 1985). This early 
death is caused by major genetic imbalance, which may result from a post- 
meiotically induced chromosome break or asymmetrical exchange (each of 
which leads to dicentrics, acentrics and eventual loss of chromosomal 
material), or from pre-meiotically or meiotically induced translocation 
(unbalanced segregants) or non-disjunction (monosomy). The molecular target 
136 
may be protamine (Sega and Owens, 1978,1983) as well as DNA. It is clear 
that exposure of male mice to CP results in germ-cell damage, particularly 
to the post-meiotic stages of spermatogenesis. This damage may consist not 
only of chromosomal aberrations but also of gene mutations, as CP has been 
shown to induce specific locus mutations in mice (Cumming and Walton, 
1971). However, a proportion of the changes detected as gene mutations are 
in fact due to small deletions rather than intragenic changes. (Russell, 
1971). 
The statistically significant increase in the incidence of congenital 
malformations in the 100 mg/kg CP-treated group supports the suggestion 
(Knudsen et al., 1977) that CP can induce morphologically abnormal 
offspring in the litters of exposed males. Furthermore, the results are 
similar to those found by other workers with X-rays (Kirk and Lyon, 1984) 
in that exencephaly was the predominant gross abnormality observed. 
However, the results with CP dif f er from those of X-rays in that CP does 
not consistently appear to increase the incidence of dwarf f oetuses. The 
incidence of gross abnormalities in the control group of the second 
experiment was lower than that in the control group of the first 
experiment. The difference may have been due to slight genetic variation 
between the two groups of the outbred stock of mice although such variation 
also occurs in the background rate of abnormalities in inbred strains (Kirk 
and Lyon, 1984). 
Exencephaly can be determined by either a recessive gene with poor 
penetrance (Wallace et al., 1978) or as a polygenic character influenced by 
environmental factors (Shoji et al., 1984). It is not known whether the 
recessive gene for exencephaly, xn, exists in the CD-1 mouse but the 
distribution of this abnormality through the litters together with the 
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absence of clusters is suggestive of a polygenic character in this strain 
of mouse. 
An analysis of the mean pup weight per litter size (in terms of both 
live implants and total implants) revealed no ef feet on the mean pup 
weights due to CP treatment of the male (data not presented), which 
supports the absence of a marked effect on the incidence of dwarf foetuses. 
Dwarf ism is, like exencephaly in this mouse strain, almost certainly a 
polygenic character (Festing and Wolff, 1979) that may be expressed on a 
metric scale, that is, not all dwarfs are the same size with respect to 
their littermates. Dwarfism can be totally environmentally determined 
although this is unlikely in an experiment where only the male is exposed. 
Indeed, the normal f oetuses in a litter from a treated male usually have an 
advantage over control foetuses in that there is less uterine crowding. 
No chromosome aberrations other than gaps or breaks were observed in 
the preparations of haematopoietic tissue from the abnormal foetuses or 
their normal littermates. For a chromosome aberration to be responsible for 
the maldevelopment of af oetus, it would have to be present in a very high 
proportion of cells, if not -in all the cells sampled. This would indicate 
that the origin of the chromosome abnormality, either structural or 
numerical, was in one or other of the germ cells at the time of 
fertilisation. The incidence of cells with chromosome breaks was quite high 
in both the control and CP-group f oetuses, whether they were normal or 
abnormal (18% and 14% respectively). This high level of spontaneous 
chromosome breakage may be related to the type of tissue sampled, spleen 
and liver cells. The spleen is recognised to have a large population of 
megakaryocytes with non-diploid chromosome complements (Tanum and Engeset, 
1983). 
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The absence of chromosome aberrations of clonal origin suggests that 
large visible chromosome aberrations were not responsible for the f oetal 
abnormalities. However, many reciprocal translocations, small deletions and 
chromosome inversions are not detectable by conventional chromosome 
analysis and 60-66% of induced translocations that would result in semi- 
sterility, go undetected in the karyotype of the mouse (Datta et al., 1970). 
The absence of an increase in the number of minor skeletal 
abnormalities in the CP-treated group was probably not surprising because 
of the relatively small sample of alizarin-stained foetuses examined. 
However, one can also compare the rate of specific locus mutations induced 
by radiation and by CP in the of f spring of exposed post-meiotic male germ 
cells. X-rays (300 rads) induces approximately double the number of SLM as 
does 350 mg/kg CP (Russell, 1965; Cumming and Walton, 1971). Allowing for 
the fact that the CP data of Cumming and Walton is based on a rather small 
sample size, it is still apparent that while 600 rads of X-rays can induce 
a detectable increase in skeletal abnormalities in only a few hundred 
foetuses (Bartsch and Sandhoff, 1974), it is unlikely that CP at 100 mg/kg 
could induce sufficient minor skeletal abnormalities to be detected, unless 
a very large number of f oetuses were to be evaluated. Some investigators 
consider skeletal variation to be a sensitive monitor of mutagen exposure 
(Ehling, 1966; Selby, 1982). However, others have not found this endpoint to 
be very sensitive. (Lovell et al., 1985) 
No signif icant increase in the number of abnormal f oetuses was seen in 
the offspring of males treated with 75 mg/kg CP. This may indicate a 
threshold dose level for the induction of malf ormations but the 
determination of a dose-response curve would be impractical due to the high 
levels of dominant lethality induced by doses in excess of 100 mg/kg. 
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Most studies that have investigated the role of male exposure to 
mutagens in the induction of abnormal foetuses have used an acute or sub- 
acute dosing regimen as the means of inflicting genetic damage on the male 
germ cells. This is true both with physical agents (Russell and Russell, 
1959; Nomura, 1982; Kirk and Lyon, 1984) and with chemical agents (Tomatis, 
1979; Johnson, 1981; Paschin, 1984; ITagao, 1987). Perhaps the most obvious 
reason f or this is the relative technical ease of dosing animals either 
singly or over perhaps one week. Another reason is that in the rodent, like 
man, spermatogenesis is an orderly procedure and different mating periods 
after an acute dose will sample different germ cell populations, and their 
relative sensitivity can be determined (Oakberg, 1956; Bateman, 1958). 
Furthermore, acute treatment regimens with chemicals and ionising radiation 
had been shown to induce a wide range of mutagenic endpoints in mammalian 
male germ cells (Russell and Shelby, 1985). 
In the preliminary experiment, Sprague-Dawley rats were dosed with CP 
(50 mg/kg) and caged with females for mating in the third week post-dose. 
The of f spring produced from a mating in the third week af ter dosing result 
from spermatozoa treated in the early spermatid stage. Spermatids are post- 
meiotic and are known to be particularly sensitive to the induction of 
dominant lethal mutations by CP (Mohn and Ellenberger, 1976). The overall 
rate of induced dominant lethality in this experiment was, at around 26%, 
very significant. However, at the two post-mortem times, there did appear 
to be a dif f erence in the detectable rate of dominant lethality. The number 
of live embryos in the control group was very similar at both time points 
(12.1 and 12.9 foetuses per feimale), however, in the CP group there was a 
large discrepancy (11.5 and 5.7 f'oetuses per female) in the number of live 
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foetuses at the 11 and 20 day post-mortems. It was noted that the abnormal 
foetuses at the 11 day post-mortem showed a greater degree of 
malformations than those at 20 days. It is possible that these were in fact 
'late' early deaths which have been recognised as 'large moles' by some 
workers (Kirk and Lyon, 1984). Bateman (1958) however, states that even at 
10 days of gestation "the distribution between deciduamata (early deaths) 
and live f oetuses was less marked but still unambiguous". Also, it is 
unlikely that the abnormal foetuses at 11 days of gestation would become 
late deaths as in the authors experience these f oetuses never show obvious 
malformations nor is their incidence related to mutagen exposure (Bateman, 
1958). The most likely reason for the difference seen in the number of live 
implants at the two post-mortem times was the very small sample sizes, 
especially in the 20 day group. This was due to the very poor pregnancy 
rate achieved by the CP-group males. There is some evidence that too much 
vaginal stimulation when taking vaginal smears or abnormal coPulatory 
behaviour can reduce the number of uterine implantation sites in female 
rats, (Adler and Zoloth, 1970) and this may have been a confounding factor. 
In terms of the incidence of abnormal f oetuses in the of f spring of the 
CP-treated rats, there was a strong suggestion of the appearance of 
clusters of similar abnormalities. This was apparent in both control and 
CP-group litters and also at both the 11 and 20 day post-mortems times. It 
is possible that clusters can be induced by mutagen treatment of pre- 
meiotic germ cell stages and that two or more spermatozoa derived from the 
same spermatogonial cell could carry the same genetic lesion and fertilise 
two eggs. However, in this experiment only post-meiotic cells were sampled. 
Therefore, one must postulate two near identical mutations or chromosome 
aberrations, or, that the mutation was pre-existing either as a 
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spermatogonial cell carrying a chromosome trans location /deletion or as a 
recessive gene in both the sire and the dam. The latter possibility appears 
to be the most likely when the history of the animals is considered. As a 
small in-house breeding stock of an originally commercial outbred stock of 
rats was used, the possibility of a certain amount of in-breeding was 
inevitable. Consequently the possibility of brother-sister matings was 
increased and concommitantly the chance of homozygosity f or a detrimental 
recessive gene. 
Because of the problems encountered with the use of rats in an acute 
dosing, single mating period study, the subsequent acute experiments were 
performed using CD-1 mice. The first experiment gave an expected response 
in terms of the spontaneous level of abnormal f oetuses in the control 
group. This was 0.3% in ICR mice (Nomura, 1979) and 0.2-0.7% in 
C3H/HeHxl0l/H(3Hl) F, hybrid mice (Kirk and Lyon, 1984). However, in one 
control group, Kirk and Lyon recorded a spontaneous level of abnormalities 
of 2.1%, for which they had no explanation. The induced level of 
abnormalities in the f irst experiment was about f ive times the spontaneous 
level (1.4%). Although this was just not significant, due to the relatively 
small sample size, the increase over control levels was of a similar order 
of magnitude to that seen with X-rays, urethane and methy1nitrosourea 
(Nomura, 1979; Kirk and Lyon, 1984; Nagao, 1987). 
Using the data from the f irst experiment, male group sizes were 
calculated using statistical methods (Margolin et al., 1983) such that each 
dose group (0,75,100 mg/kg CP) would generate an approximately similar 
number of live foetuses. Also based on the control and induced incidences 
of gross abnormalities in experiment 1, similar proportions of abnormal 
foetuses in the second experiment would have given a statistically 
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significant result with a power of 90%. Although the same proportionate 
increase in induced abnormalities (f ive times spontaneous) was seen in the 
second experiment, the incidence in both the control and 100 mg/kg CP group 
was reduced by a factor of three, thereby rendering the result not 
significant unless gross abnormalities were combined with dwarf foetuses. 
As had been noted in the f irst experiment, CP did not appear to induce 
dwarf f oetuses in mice in a predictable way. 
The most likely mechanism by which chemical and physical mutagens 
induce congenital abnormalities is by the breakage of chromatin, resulting 
in translocations, duplications, deletions and also numerical chromosome 
abnormalities. By comparing the relative rates of specif ic-locus mutations, 
small deletions and congenital malformations after X-ray treatment of male 
germ cells, Kirk and Lyon, (1984) concluded that the malformations may have 
been due to a mixture of types of genetic changes. However, in a recent 
study, Lyon (1986) showed that 250 mg/kg ethylnitrosourea, which gives a 
very high yield of gene mutations, failed to produce any increase in 
malformations. On the contrary, ethylmethanesulphonate, a potent clastogen, 
gave a significant increase in malformations. But, as in experiment 2 
reported above, no major structural or numerical aberrations were f ound in 
the malf ormed f oetuses. 
The failure to f ind chromosomal changes in malformed mice may be as a 
result of the methods used. Due to the limited number of high quality 
metaphases that can be obtained from such sources, it is very difficult to 
produce banded preparations which may reveal a much greater number of 
potential chromosomal changes. Furthermore, the 40 chromosomes in a diploid 
set of mouse chromosomes are scarcely distinguishable; all are acrocentric 
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and the size variation between the smallest and the largest chromosome is 
only about 250% (Datta et al., 1970). 
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CHAPTER 5 
XALE-NEDIATED TERATOGENICITY: 
CHRONIC EXPERIXENT IN VIVO WITH CYCLOPHOSPHAXIDE AJID ALLYL ALCOHOL 
1. INTRODUCT 101. 
The experiments described in the previous chapter indicated that acute 
high doses of a mutagen can induce a small increase in the number of 
abnormal offspring in the litters of exposed sires. As in previous reports 
of acute experiments with cyclophosphamide (CP), urethane and X-rays 
(Knudsen et al., 1977; Nomura, 1979; Kirk and Lyon, 1984), the increase in 
the number of abnormalities was modest and variable. Also attempts to 
elucidate the type of genetic lesion involved in the generation of abnormal 
foetuses were not successful (Lyon, 1985; Chapter 4). 
Current theory suggests that a mixture of types of genetic lesion are 
involved in these effects, with perhaps the predominant lesion being 
structural or numerical (e. g. trisomy) chromosome aberrations (Kirk and 
Lyon, 1984; Nagao, 1987). CP (350 mg/kg) has been shown to induce (12%) 
heritable translocations in the post-meiotic offspring of male mice 
(Sotomayer and Cumming, 1975). These were detected by fertility patterns, 
i. e. sterility and semi-sterility, and confirmed by cytological analysis. 
However, the male F, mice carrying such translocations are by and large 
phenotypically normal in terms of gross morphology. Such translocations 
generally only result in chromatin loss or gain at meiosis, and as long as 
the site of the translocation does not affect the operation of the gene at 
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that point, then the carrier will be unaffected. Datta et al., (1970) has 
also shown that a 210 mg/kg dose of CP can induce around 6% translocations 
in 13th-16th gestation day embryos of male mice treated post-meiotically. 
The difference in the induction of translocations in the studies of Datta et 
al., (1970) and those of Sotomayer and Cumming, (1975) may be explained 
partly by the different doses used and also in that the cytological 
techniques used by Datta et al., (1970) were not as sensitive as those of 
Sotomayer and Cumming (1975), Datta et al. (1970), used direct preparations 
f rom embryonic liver in their study but no indication of the morphological 
appearance of the embryos was given. 
The reason why the acute dosing regimen does not result in consistent 
large increases in abnormal f oetuses is not certain. If the type of genetic 
lesion responsible f or such ef fects is of the chromosomal type then it may 
be that a fine balance between extensive chromosome damage and minor 
damage would be required. Also, the mouse may not be an ideal model because 
all of its chromosomes are acrocentric (terminal centromeres) and therefore 
detection of translocations is necessarily difficult (Datta et al., 1970). 
In a recent report (Trasler et al., 1986) the effects of a chronic low- 
dose treatment of CP in male Sprague-Dawley rats indicated a much higher 
yield of abnormal foetuses than had been reported in any acute-dosing 
regimen studies. With a dosing regimen of 1.4,3.4 or 5.1 mg/kg/day, six 
days per week for eleven weeks, an incidence of 7% grossly abnormal 
foetuses and 7% dwarf foetuses in mating weeks 7 and 9 after initiation of 
treatment with 5.1 mg/kg CP was observed. This was in parallel with a dose- 
related increase in dominant lethality, peaking at nearly 80% post- 
implantation loss at week 4 and subsequently. Perhaps the biggest problem 
with the study of Trasler et al., (1986) was the small number of animals 
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used; 6 males per dose group. Whilst each male was mated with two females 
per week f or a total of eight weeks, the high rate of dominant lethality 
(@ 80%) in the CP groups, especially that of the top dose, resulted in a 
relatively small number of live foetuses at term for examination, with the 
inevitable loss of power to the statistical evaluation. 
For many years MAFF has been concerned with the potential toxicity of 
chemical additives to f ood. Allyl alcohol esters have many uses in industry 
such as in the production of derivatives used in perfumes, flavourings and 
pharmaceuticals UARC, 1985). The mutagenic potential of allyl alcohol (AA) 
is still in debate. It has been shown to be non-mutagenic in the standard 
Ames test (Bignami et al., 1977; Rosen et al., 1980) but in a liquid 
suspension modification of the Ames test it showed a strong direct 
mutagenic effect which was abolished by the addition of Aroclor-induced rat 
liver S-9 fraction (Lutz et al., 1982). From metabolic studies in vitro it 
is known that allyl alcohol is easily oxidised to acrolein by an NAD-+, - 
dependent alcohol dehydrogenase, a reaction that is presumed to take place 
in vivc? (Seraf ini-Cessi, 1972; Patel et al., 1980). The in vitrci pathways of 
biotransf ormations of allyl alcohol in liver preparations are shown in Fig 
5.1 (adapted from Patel et al., 1980). 
Acrolein together with phosphamide mustard, is one of the major toxic 
and mutagenic metabolites of CP In vivo (section 4.1). It seems possible 
that allyl alcohol may have potential mutagenic properties as shown by its 
direct action in vitro in the modified Ames test (Lutz et al., 1982) and 
also by its metabolism to acrolein In vivo. 
This chapter describes the methods and results of a chronic dosing 
experiment using CP and allyl alcohol in male Sprague-Dawley rats. 
The LDso 
f or a single oral dose of allyl alcohol is 64 mg/kg (Smyth and 
Carpenter, 
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1948), however, there is apparently no accumulation in the body and 
tolerance develops with repeated exposure to non-lethal concentrations 
(Dunlap et al., 1958). On this basis a dose of 25 mg/kg/day was selected 
for allyl alcohol. 
Fig. 5.1 In Vitro Biotransformations of Allyl Alcohol and Acrolein in 
Liver Preparations 
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Male and female Sprague-Dawley rats were purchased from Olac, 
(Bicester, Oxon. ) at 8 to 10 weeks of age. All animals received a minimum 
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of 10 days acclimatization period before the start of any experimental 
procedures. 
All animals were maintained on Rat and Mouse No. 3 expanded diet, 
purchased from Special Diet Services, Witham, Essex. The diet was supplied 
ad lib to each cage by hopper. Tap water was available ad lib. 
Animals were maintained using the same procedures as in 4.2.3. 
Cyclophosphamide (Endoxana) was obtained and used as in 4.2.4. Fresh 
solutions were made up each day and used immediately. Allyl alcohol (2 
propen-l-ol) was purchased from the Aldrich Chemical Company (Gillingham, 
Dorset) and diluted in saline each day immediately before use. 
Groups of 6,18 and 6 male Sprague-Dawley rats were given a daily 
dose of 0.85% saline, CP or AA respectively, at a dose volume of 10 ml/kg 
bodyweight. Dosing was continued on seven days per week up to week 12 and 
on f ive days per week from week 13 to week 33. The CP group was three 
times the size of the control group so as to allow f or the expected high 
level of dominant lethality and to have roughly equivalent numbers of live 
foetuses in all three groups. Allyl alcohol was given at 25 mg/kg and CP 
was given at 3.5 mg/kg for the first four weeks and 5.1 mg/kg subsequently. 
The reduced CP dose f or the f irst f our weeks was given to reduce the rate 
of increase in dominant lethality, especially in the matings corresponding 
with the spermatid stages. Each male rat was caged with two virgin female 
Sprague-Dawley rats on weeks 1 to 11,21 and 30 after the first week of 
dosing (allyl alcohol males only on weeks 1 to 11). Females were checked 
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daily for the presence of sperm in a vaginal smear and separated from the 
males when sperm positive or after six consecutive nights. On day 20 of 
pregnancy, females from mating weeks 1 to 11 and 21 were killed and the 
uteri examined f or the total number of corpora lutea, total implants, live 
foetuses, dead foetuses, late deaths and early deaths. Each foetus was 
weighed and examined for gross abnormalities. A photographic record 
(polaroid) was taken of each abnormal pup prior to a sample of the liver 
being taken f or chromosome preparation and preservation for skeletal 
staining and evaluation. 
The females from mating week 30 were allowed to litter and wean the 
pups. Pups were counted, and weighed as a litter up to weaning and 
individually weighed after weaning on several occasions up to maturity. 
Af ter the mating periods were complete each male was subject to a gross 
post-mortem and haematology examination. The experimental plan and 
timescale is depicted in diagramatical f orm in Fig 5.2. 
Two methods were used. Initially in an attempt to reduce damage to the 
f oetus before preservation, a method using tail tips was employed (Evans et 
al., 1972). This proved to be ineffective and a technique using foetal liver 
tissue was subsequently employed. 
About 2 to 3 mm of the tail of the f oetus was cut of f and placed in 2 
ml of EMEM and with f ine scissors, was three-quarters cut through in 
several places. Colcemid (Sigma) was added at af inal concentration of 0.5 
pg/ml and the tissue incubated for around 2 hours at 37*C. The medium was 
replaced with 1% Na-citrate (hypotonic solution) for 15 minutes before 
fixing for several hours in 3: 1 methanol-glacial acetic acid fixative. 
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The tissue was then placed in 0.5 ml of aqueous 60% acetic acid in an 
embryological watch glass for 10 minutes and then then teased gently with 
fine forceps and the cell suspension taken up with a Pasteur pipette. The 
pipette was held vertically over a hot slide (70'C) and a droplet delivered 
to its surface. The droplet was then withdrawn slowly back into the pipette 
and the process repeated over the slide. The chromosomes were then stained 
in 5% Giemsa in phosphate buf fer, pH 6.8 f or 5 minutes bef ore mounting in 
Depex. 
Liver Tissue method. Through an incision in the abdominal wall, the f oetal 
liver was removed and placed in 5 ml EMEM. The tissue was immediately cut 
into small pieces and repeatedly passed through a Igg needle to obtain a 
f ine suspension. Colcemid was added to give af inal concentration of 0.2 
pg/ml and the cell suspension was then incubated at 37 *C for approximately 
2 hours. After centrifugation and removal of the medium, the cells were 
resuspended in 5 ml of 0.075 M KC1 (hypotonic) and incubated for a further 
15 minutes. The cells were again centrifuged and then resuspended in about 
I ml of hypotonic solution before being added to 4 ml of fixative (3: 1, 
methanol: glacial acetic acid). The fixative was changed several times and 
the cells left f or several hours or overnight. After a further change with 
fresh fixative, the cells were f inally resuspended in 1 to 2 ml fixative 
depending on the size of the pellet. Two clean slides were f looded with the 
dilute suspension of cells and the fixative ignited and allowed to burn off. 
After the slides were cool and dry they were stained in Giemsa in phosphate 
buffer pH 6.8 for 5 minutes before mounting in Depex. 
Post-Mortems and HaeMatology. Control and CP treated male rats 
were post-imortened 33 weeks af ter the initiation of dosing and the AA- 
treated rats af ter 15 weeks of dosing. One CP-treated rat was f ound dead in 
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the cage and two CP-treated rats were killed for humane reasons before the 
end of the study. 
Post-mortems consisted of a gross examination of the major organs and 
the recording of bodyweight, and the organ weights of the liver, kidneys, 
spleen and testes. These organs were also preserved in formalin. 
Standard haematological methods were used to determine the amount of 
haemaglobin, the white blood cell count and a white blood cell differential 
count. 
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5.3. JREhanM 
One male rat in the CP group was found dead in its cage in the 18th 
week after the initiation of dosing. Unfortunately, it died in the night and 
its condition at post-mortem was poor; the cause of death could not be 
determined. Another male rat in the CP group was noticed to be moribund in 
week 20 and also had blood in the urine, faeces and on its ventral surface. 
The animal was killed f or humane reasons and the post-mortem revealed 
massive internal bleeding with ulcerated areas in the stomach and bladder. 
It is not known whether the condition of these two animals was related to 
the treatment as all the other animals seemed to tolerate the CP treatment 
without any ill effect, and the data from these was therefore excluded from 
the mean results. A third male rat in the CP group was noticed to be 
drooling from the mouth and showed a sudden weight loss of approximately 
50g in week 20. It subsequently regained weight but the drooling continued 
and the animal was killed due to suspected dislocation of the jaw. The 
post-mortem data from this animal was included in the mean results. 
The male rat post-mortem data are presented in Table 5.1. It may be 
seen that CP induced a highly significant reduction in the mean bodyweight 
when compared with that of the control group at post-mortem. This reduction 
in bodyweight gain of 38% compared with the control group is similar to 
that reported by Moreland et al., (1981) of 29%, but is contrary to the no 
effect on weight gain reported by Trasler et al.., (1986). The reason for the 
discrepancy is unknown. The mean bodyweight of the AA-treated group was 
also lower than that of the control group, but some, if not all of this 
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difference could be accounted for by the different post-mortem dates of the 
control and AA-group 
Table 5.1. Xale rat post-mortem data 
Control Allyl Alcohol Cyclophosphamide 
Bodyweight (g) 635±74- 
Liver wt/bw M 2.71±0.47 
Kidney wt/bw M 0.60±0.11 
Spleen wt/bw M 0.18±0.02 
Testes wt/bw M 0.58±0.05 
No. of rats 6 
569±49 542±57*:. o, 
3.41±0.47* 2.86±0.31 
0.65±0.06 0.62±0.11 
0.22±0.03* 0.15±0.02 
0.64±0.04 0.62±0.07 
16 
mean ± S. D.; * p<0.05, ** p<0.01, T-test (two-tailed) 
. The control rats were post-mortemed after 34 weeks of treatment and the 
AA group after 15 weeks of treatment. The mean bodyweight of the control 
group males at week 15 was 582 ± 51g which was not significantly different 
f ron that of the AA group (569 ± 49g). 
AA was also seen to induce significant increases in the relative 
weights of the liver and spleen and non-signif icant increases in the 
relative weights of the kidneys and testes. Whether these differences were 
due to ttreatment with AA or to a difference in the post-mortem dates is 
not certain. AA given in the drinking water at 200 and 800 ppm has been 
reported to increase the relative weights of various organs in treated rats 
(Carpanini et al., 1978) however, such ef fects were only seen in conjunction 
with significant decreases in bodyweight. 
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CP treatment produced no marked ef fects of the relative organ weights 
except for a signif icant decrease in the relative weight of the spleen. This 
may have been related to the leukopaenia induced by CP treatment (Table 
5.2). 
Male Rat Haematology Data 
Neither AA or CP affected the red blood cell count, mean cell volume, 
percentage cell volume or the haemaglobin level when compared with the 
control group, (Table 5.2). 
Table 5.2. Male rat haematology data 
Control 
Red blood cells (12/1) 8.4±0.4- 
Mean cell volume (fl) 55.5±1.1 
Pack cell volume M 46.6±3.0 
Haemoglobin (g/dl) 16.2±1.0 
White blood cells UV-) 6.3±5.6 
Neutrophils % 18.1±4.2 
Eosinophils % 1.7±0.8 
Lymphocytes % 77.2±3.3 
Monocytes % 3.1±1.6 
Basophils % 0.0 
No. of rats 6 
Allyl Alcohol Cyclophosphamide 
8.0±O. 3 
55.0±O. 6 
43.7±l. 6 
15.4±O. 4 
5.6±2.2 
10.3±2.71:: >**: 
0.4±O. 41: >*: *: 
87.8±2.41: >4: ** 
1.5±O. 5 
0.0 
6 
8.3±0.4 
55.6±2.9 
45.7±2.8 
15.8±0.4 
2.2±0.8* 
54.3±14.4*** 
1.5±1.4 
41.5±14.4*** 
2.7±1.1 
0.0 
16 
a= mean S. D.; b= Within normal range for adult rat; 
p<0.05, p<0.019 *** p<0.001, T-test (two-tailed) 
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The white blood cell count in the AA group was not signif icantly dif f erent 
from that of the controls, however, in the CP group it was significantly 
depressed (2.2 compared with 6.3 x 10`ýI/litre in the control). 
In the AA group the white blood cell differential count showed a 
significant increase in percentage of lymphocytes with corresponding 
significant depressions in the eosinophil and neutrophil counts. However, 
the values for the AA group were not outside the normal range f or the 
Sprague-Dawley rat. The CP group showed a significant reduction in its 
white blood cell count which was largely accounted for by a 90% reduction 
in the number of lymphocytes. Lymphocytes are a well documented target f or 
the cytotoxic ef fects of cyclophosphamide (Wheeler et al., 1962), and is the 
basis f or its use as an immunosupressant (Goodman and Gilman, 1975). 
Table 5.3. Xale rat Reproductive Organ Data 
Control Allyl Alcohol Cyclophosphamide 
Testes wt. (g) 
Cauda wt. (g) 
Epididymal fluid (pl) 
3.71±0.29ft 
0.63±0.14 
3.62±0.22 
0.62±0.11 
56. l±8.8 
51.0±6.0 
0.92±0.07 
3.36±0.39 
0.58±0.07 
41.19±13.1 
40.8±12.6 
0.97±0.17 
16 
48.2±14.1 
Total sperm count(x101-) 44.6±11.8 
Sperm/pl (x106) 
No. of rats 
0.94±0.07 
6 
a= mean ± S. D. 
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The reproductive organ data are presented in Table 5.3 and neither AA 
or CP treatment significantly affected the relative weights of the testes or 
the cauda. Nor were the total sperm count or sperm per microlitre of 
epididymal f luid significantly altered in either treatment group when 
compared with the control group, this is in agreement with the data of 
Trasler et al., (1986). 
The mean pregnancy rates achieved by the three groups of male rats are 
presented in Fig. 5.3., both as a weekly rate and as an overall rate. It can 
be seen that on average the males in all three groups steadily increase 
their pregnancy rate over the f irst f our weeks of mating to achieve between 
90 and 100% by week 4. However, in week 5 there is a sudden fall in the 
pregnancy rate to approximately 55-75%. The pregnancy rate then increases 
again over weeks 6 to 9 to again achieve levels of 90-100% until week 11. 
The overall mean pregnancy rate, although greater in the control group 
(87±11%) than either the CP group (83±12%) or the AA group (82±14%), was 
not statistically significant. 
The mean pre- implantation losses by week of treatment for each group 
are presented in Fig. 5.4. It can be seen that although there is a marked 
degree of difference in all groups between weeks of mating, there is a high 
degree of consistency between groups. It can also be noted that in week 5 
and all subsequent mating weeks, the pre- implantation loss is greatest in 
the CP group. Also, when the mean pre- implantation losses for all mating 
weeks are compared there was no difference between that of the control 
group and that of the AA group (12.8±5.4% and 11.7±6.2% respectively), 
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whereas, that of the CP group was significantly greater than that of the 
control group (19.9±5.9%, p<0.01,1-tailed t-test). 
The mean post- implantation losses by week of treatment for each group 
are presented in Fig. 5.5. The rate of dominant lethality f or the control 
group fluctuated, over the mating weeks, between a minimum level of 2.2% 
and a maximum level of 13.2%, with the mean value of the 13 mating weeks 
being 6.2%. This control level of dominant lethality was in close agreement 
with that of historical data (Brusick, 1980) and with that of a similar 
study (Trasler et al., 1986). The rate of dominant lethality in the AA group 
was very similar to that in the control group, f luctuating within a range 
of 1.7 to 8.7%, with an overall mean of 4.7%. 
The rate of dominant lethality in the CP group was significantly 
greater in week 1 (p<0.01) than in the control group and proceeded to 
increase in a nearly linear fashion up to 63% in week 5. The rate of 
increase then declined until the dominant lethality reached a maximum of 
77.2% at week 8. The level of dominant lethality in subsequent weeks was 
maintained at between 71 and 76%. These results were in very close accord 
with those of Trasler et al., (1986), who, using an identical dose of CP, 
reported a plateau of dominant lethality of between 70 and 80% between 
mating weeks 4 and 9 of treatment. Also, Moreland et al., (1981) reported a 
rate of 70% dominant lethality in rats after 10 weeks of treatment with 5.0 
mg/kg CP. 
Late deaths were seen sporadically in all three dose groups but the 
mean rate over all the mating weeks was, at 0.1%, identical for all 
treatments. 
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The incidence of runted f oetuses (runted f oetus being < 75% mean weight 
of the rest of the litter) and grossly abnormal f oetuses in the litters of 
control, AA- and CP-treated male rats is presented in Fig 5.6. It may be 
seen that in the control and AA treated groups, the weekly incidence of 
abnormal f oetuses was low, never exceeding 3% of live f oetuses and more 
commonly between 0% and 2%. These levels are typical of this and similar 
strains of out-bred rats (Palmer, 1972; Perraud, 1976). However, CP- 
treatment was seen to induce a definite trend of increasing numbers of 
abnormal f oetuses with succesive weeks of treatment such that by week 7, a 
level of approximately 11% was achieved. This level was maintained more or 
less constantly in subsequent weeks and very closely paralleled the rate of 
induced dominant lethality (Fig. 5.5). The increased incidences of abnormal 
foetuses in week 6 and all subsequent weeks were highly significant 
(p<0.01) when compared with the concurrent control value. The pattern of 
induction of abnormal f eotuses also bears some relation to the dif ferent 
processes or cell types present in sperm atogenesis. The significant 
increases in abnormal f oetuses all occurred in those early weeks of mating 
where the male gametes involved in fertilisation were f irst exposed to CP 
in a pre-meiotic or meiotic stage, i. e. the spermatogonial and spermatocyte 
stages of spermatogenesis. 
The incidence of grossly abnormal f oetuses and of runted f oetuses by 
week of mating are shown separately in Figs. 5.8 and 5.9 respectively. It 
can be seen that as a proportion of all abnormal f oetuses, the grossly 
abnormal ones generally increase with successive matings whilst those of 
runted foetuses decrease from week 9 onwards and reach a more or less 
control value at week 21. This may indicate that different genetic lesions 
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or different combinations of genetic lesions may be responsible for the 
dif f erent types of abnormalities. However, it must be noted that many of 
the grossly abnormal f oetuses were also small compared with their litter 
mates and the difference in distribution may be due to chance. 
Table 5.4. Sumnary of Litters froin Treated Xales 
Total No. of Females 
Mated 
Total No. of Live 
Implants 
Total No. of Runts M 
Total No. of Gross 
Abnormalities M 
Total No. of Abnormal 
Foetuses 
Control Cyclophosphaimide Allyl alcohol 
125 347 108 
1669 1899 1371 
13 (0.78) 61 (3.21) 13 (0.95) 
* A, * 
0 (0) 41 (2.16) 3 (0.22) 
13 (0.78 102 (5.37) 16 (1.17) 
*** < 0.001, Fishers exact test, one-tailed. 
A summary table of the litters from the treated males (Table 5.4) 
reveals the highly significant effect of CP in inducing runted and grossly 
abnormal f oetuses. Overall, approximately seven times as many abnormal 
f oetuses were seen in the litters of the CP treated group compared with the 
control group, even when the early weeks of mating are included. However, if 
one compares the incidence of abnormal foetuses in the control and CP- 
treated groups in mating weeks 6-11 and 21 (where the increases were 
significant) then an increase of over twenty times was seen (0.44% in the 
control group and 9.44% in the CP group). 
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The incidence of runted f oetuses in the AA group was very similar to 
that seen in the control group and although 3 grossly abnormal f oetuses 
were seen in litters f rom the AA group and none in the control group, the 
difference was not significant. In fact, considering the historical 
incidence of grossly abnormal foetuses in the SD strain of rat 
(approximately 0.4%), one may have expected up to 7 grossly abnormal 
f oetuses in the total sample of 1669 live f oetuses in the control group 
matings. 
Table 5.5. Characterisation of Foetal Abnormalities 
Abnornality 
Anasarca 
Anasarca + Craniofacial 
Abnorimality 
Anasarca + Skeletal 
Abnornality 
Exencephaly 
Hydrocephaly 
Craniofacial Abnormality 
Craniofacial and Skeletal 
Abnormality 
Anaemia 
Gastroschisis 
Abnorimal Placenta 
Growth Retarded Foetuses 
(Runts) 
Total 
Control Allyl Alcohol Cyclophosphamide 
1 13 M- 
3 (2) 
1 
4 (2) 
6 
6 
1 
4 
(1) 
13 13 61 
13 16 102 
a= numbers in parentheses indicate dead foetuses. 
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Table 5.5 lists the numbers and different types of abnormalities seen 
in the litters of the three groups of treated male rats. The largest 
category of abnormal foetuses was that of growth retarded or runted 
f oetuses. The def inition of a runt was af oetus with a bodyweight of less 
than 75% of the mean weight of the rest of the litter (Kirk and Lyon, 
1984). The second largest group of abnormalities was that of anasarca 
either in isolation or in conjunction with some f orm of skeletal 
abnormality. Skeletal abnormalities including craniofacial abnormalities 
also occurred quite frequently as did hydrocephaly. Exencephaly, in an 
extreme f orm, occurred only once, in the AA-treated group, whereas in the 
acute experiments in mice (Table 4.7) it was the most frequent abnormality 
with the exception of runts. Two foetuses were classified as having 
gastroschisis, that is, eventration of the intestines through an opening in 
the ventral surface of the body wall. Four f oetuses were classif ied as 
anaemic, these foetuses were very pale in colour and small in size. One 
f oetus appeared morphologically normal, but its accompanying placenta was 
abnormally large, approximately 2g in weight (normal placentas weigh 
approximately Ig), also the amniotic sac was swollen and blood f illed. 
Some of the abnormal foetuses, when examined, at maternal post-mortem 
on day 20 of gestation, showed no signs of life. They did not react to 
manual stimulation and in some cases there was some evidence of tissue 
necrosis. These dead foetuses were however, distinct from those classified 
as late deaths. Late deaths are usually no more than one centimeter long, 
pale and show no obvious evidence of abnormality and occurred in equal 
proportions throughout the treatment groups. Dead foetuses were fully 
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f ormed , pink in colour and of a similar size to their litter mates, also 
they all showed evidence of gross abnormality. Examples of some of the 
abnormalities seen are shown in Figs. 5.9. -5.16. 
Because the definition of a runted foetus contains an arbitary cut-off 
point at 75% of the litter mates, albeit based on the experience of several 
investigators (Nomura, 1979; Kirk and Lyon, 1984; Trasler et al., 1986), it 
was decided to analyse the distribution of runts in several different size 
categories. The total numbers of f oetuses, and their incidence as a 
percentage of live f oetuses, falling into each of f our categories of runts 
(<50%, 50-60%, 60-70%, 70-75% of the mean of the rest of the litter) and 
those falling into af ifth category of 'nearly' runts (75-80% of the mean 
weight of the rest of the litter) were compared (Table 5.6. ). 
Table 5.6. demonstrates that as the criterion of 'runtedness' was made 
more severe, even though the total number of runts in all three treatment 
groups was reduced, the difference between the control group and the CP 
group increased. that is, a greater proportion of the runts in the control 
group were in the less severe categories of 'runtedness' than was seen in 
the CP group. Put another way, there were many more severely runted 
foetuses in the CP group than in the control group. 
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Fig. 5.9. CP group litter; normal foetus (4.30g), in comparison with a 
runted foetus (2.17g). 
Fig. 5.10. CP group litter; normal foetus in comparison with an 
lanaemaic' foetus. 
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Fig. 5.11. CP group litter; foetus showing micrognathia and oedema 
of the neck. 
Fig. 5.12. CP group litter; foetus showing anasarca and skeletal defect 
of the pelvis and hind legs. 
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Fig. 5.13. CP group litter; foetus with severe anasarca. 
Fig. 5.14. CP group litter; Hydrocephalic f oetus. 
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co 
Fig. 5.15. CP group litter; foetus with gastroschisis. 
Fig. 5.16. CP group litter; dead foetus with anencephaly and anasarca 
174 
Table 5.6. Distribution of Runts in Different Categories 
<50% 50-60% 60-70% 70-75% 75-80% 
Control N 0 2 2 5 6 
% 0.00 0.14 0.14 0.35 0.42 
AA N 1 5 3 4 6 
% 0.07 0.37 0.22 0.29 0.44 
CP N 5 18 14 17 18 
% 0.29 1.06 0.82 1.00 1.06 
N= number of foetuses 
This indicates that the increase in runted f oetuses was genuinely a 
result of exposure of the male rats to CP and also that the cut-off point 
of 75% was satisfactory. 
Evaluation of Week 30 Litters, 
After 30 weeks of continuous daily oral treatment with saline or CP, 
each male rat was caged with a final pair of females. The pregnant females 
were allowed to litter and rear their pups. Of ten litters in the control 
group, 126 pups were delivered of which six were f ound dead in the cage on 
the day of delivery, a further two pups died within two days of birth, 
these were cannibalised by their mothers. One male runt was born alive in 
the control group and at weaning it weighed 67% of the mean bodyweight of 
its male siblings. However, by 8 weeks of age it had reached parity with 
its brothers and weighed 97% of their mean bodyweight. 
Of 28 litters in the CP group, a total of 110 pups were found 
delivered. Of these, 14 were dead on inspection and a further 14 died 
within 2 days of birth, most of which were cannibalised. Of the foetuses 
found dead, 2 were runts which had milk in their stomachs but which were 
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subsequently abandoned. A further 2 of the dead foetuses were recorded as 
having craniofacial abnormalities, although only one of these was 
subsequently confirmed by examination of its alizarin stained skeleton. Of 
the f oetuses born live, one was a male runt that weighed 52 g at weaning 
(50% of the mean bodyweight of its male siblings). However, by 8 weeks of 
age the pup weighed 418 g which was 94% of the mean weight of its male 
siblings. Two f oetuses were barn to CP-treated males which were small in 
size and pale in colour. Although both f oetuses suckled f rom their dams, 
they did not gain weight and were post-mortemed at 4 days of age. 
Haematological examinations revealed a different pathology in the two pale 
pups. The f irst had a red blood cell count and haemoglobin level 
approximately one third that of normal and a white blood cell count of 
normal value. The second had a normal red blood cell count and haemoglobin 
level, but a white blood cell count approximately three times normal. 
The total percentage of conf irmed abnormal f oetuses in the CP group 
was 5.5% (6 out of 110) where one may have expected approximately double 
that number based on the earlier mating weeks. The discrepancy may have 
been due to cannibalism of grossly abnormal foetuses by the dams prior to 
cage inspection. This would appear to be quite likely as no grossly 
abnormal foetuses such as anasarca etc., were found. 
Af ter 6 months post-weaning, mortality was restricted to a single 
death, that of a male rat in the CP group at 9 weeks of age. The cause of 
death could not be determined as the carcass was discovered in poor 
condition and was discarded. 
Table 5.7 presents the classification of the chromosome slides prepared 
from the abnormal f oetuses in the three treatment groups. It can be seen 
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that 37 of' the total of 107 preparations provided no scorable metaphases. 
These were distributed relatively evenly, as percentages, throughout the 
three treatment groups and were mostly due to those abnormalities in the 
early weeks of mating, where chromosomes were prepared by the tail-tip 
method. 
Table 5.7. Classification of Chromosome Slides from Abnornal Foetuses 
Control 
No. of Abnormal Foetuses 
with Slides Prepared 8 
Slides with no Scorable 
Metaphases 3 
Slides with no Karyotype 
Abnormality Detected 5 
Slides with Karyotype 
Abnormality Detected 0 
Allyl Alcohol Cyclophosphamide 
14 85 
2 32 
9 34 
3 19 
Of the 70 preparations containing scorable metaphases, 22 (31%) had easily 
discernable structural or numerical abnormalities. None of the 5 scorable 
slides from the abnormal foetuses in the control group, showed any obvious 
consistent chromosome abnormalities whereas 3 out of the 9 AA group 
abnormal f oetuses showed chromosome abnormalities. Nineteen out of 53 
scorable slides (36%) in the CP group abnormal foetuses demonstrated 
obvious chromosome abnormalities. 
When a karyotype abnormality was observed, the chromosome or 
chromosomes involved were identified according to the standard karyotype of 
the Norway rat (Committee for a Standardised Karyotype of Rattus 
177 
norvegicus, 1973) if possible. Also, where the metaphases were of sufficient 
quality, a photograph was taken and a karyotype prepared according to the 
size and appearance of the individual chromosomes. 
Table 5.8. Results of Analysis of Abnormal Foetus Karyotypes 
Foetus No. Abnormality Centromeres 
(No. ) 
AA 42 Runt 
AA 48 Anasarca/Runt 
AA 194 Craniofacial 
CP 29 Runt 
CP 31 Runt 
CP 58 Runt 
CP 60 Runt 
CP 64 Runt 
CP 82 Runt 
CP 90 Runt 
CP 91 Runt 
CP 106 Runt 
CP 51 Anaemic/Runt 
CP 70 Anaemic 
43 (46) 
43 
43 
42 
42 
42 
41 
42 
41 
42 
42 
42 
42 
41 
CP 120 Anaemic 41 
CP 63 Anasarca/Runt 42 
CP 100 Anasarca 42 
CP 59 Craniofacial 43 
CP 110 Craniofacial 42 
CP 52 Hydroceph. /Runt 42 
CP 101 Skeletal 41 
CP 66 Abnormal 42 
placenta 
Karyotype Abnormality 
Tris. +3 Fragments 
Tris. Ch. not identified 
Tris. Ch. not identified 
Trans. intra Ch. 1 
Trans. Ch. 6 4 Ch. 2 
Trans. Chs. not identified 
Monos. + Trans. Ch. 2 -) Ch. 3 
Trans. Acrocentric Ch. Ch. 2 
Monos. + Trans. Ch. 4/5 Ch. 3 
Trans. Ch. 1 Ch. 2 
Trans. Ch. 1 Ch. 2 
Deletion Ch. 1 
Trans. Ch. 3 4 Ch. 2 
Monos. Ch. 2 
+ Trans. Ch. 17/2 4 Ch. 1 
Monos. 
Trans. Ch. 3 Ch. 13 
Trans. Ch. 5 Ch. 1 
Tris. Ch. 4/5 
Trans. Ch. 10 Ch. 2 
Trans. Chs. not identified 
Monos. + Trans. 
Chs. not identified 
Trans. Ch. 4/5 -i Ch. 2 
Ch. = Chromosome; Trans. = Translocation; Monos. = Monosomy; 
Tris. = Trisomy 
Without the employment of a suitable banding technique, it is extremely 
difficult to categorise every chromosome with certainty especially when a 
translocation has occurred. The use of the quinacrine fluorescent or the 
Giemsa banding techniques was precluded in this case because of the small 
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numbers of suitable metaphases available. Examples of some of the abnormal 
karyotypes are shown in Fig. 5.17-5.22. Table 5.8 lists those abnormal 
f oetuses where a karyotype abnormality was detected. It also compares the 
type of f oetal abnormality with its corresponding karyotype abnormality. Of 
the three karyotype abnormalities detected in the chromosome preparations 
from the abnormal foetuses in the AA group, all were trisomies, two of 
which could not be identified and the other which was an atypical 
chromosome with the appearance of a chromosome No. 3 but of reduced size. 
Foetus AA42, a runt, had a karyotype of 43 centromeric chromosomes, 
together with three small fragments, two of the fragments were very similar 
in size and the third was slightly larger. Acentric fragments are usually 
lost at mitosis because the lack of a centromere prevents their attachment 
to the mitotic spindle. However, the three fragments associated with the 
chromosomes of AA42 were present in every cell which would suggest the 
presence of a centromere in each fragment, indeed in some very clear 
metaphases, the fragments appeared to have very small paired chromatids. If 
all three fragments were centric then the foetus would have had a 
chromosome complement of 46! In order f or f oetus AA42 to be viable, it must 
be assumed that the three fragments carried such small amounts of DNA that 
the genes were not functional or did not affect or unbalance the 
development and metabolism of the f oetus to an intolerable degree. 
Although all three foetuses in the AA group with karyotype 
abnormalities were hyperdiploid, at least two of these (foetuses AA42 and 
AA94) were not trisomic in the usual sense, in that the 43rd chromosome 
was atypical and not simply a product of non-disjunction at mitosis but 
also involved some type of chromosome damage, such as a deletion or 
translocation. 
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Fig. 5.17. Karyotype of foetus CP70 with 'anaemia', showing monosomy 
of chromosome 2 and a trauslocation from chromosome 2 or 
17 to chromosome 1. 
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Fig. 5.18. Karyotype of f oetus CP59 with a craniof acial abnor-mlity, 
showing trisomy of chromosome 4. 
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Fig. 5.19. Karyotype of foetus CP31, a runted foetus, showing a 
translocation from chromosome 6 to chromosome 2. 
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Fig. 5.20. Karyotype of foetus CP106, a runt, showing a deletion of 
chromosome 1. 
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Fig. 5.21. Karyotype of foetus CP63, a runt with anasarca, showing a 
translocation from chromosome 3 to chromosome 13. 
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Fig. 5.22. Karyotype of foetus CP100 with anasarca, showing a 
translocation from chromosome 5 to chromosome I. 
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Of the CP group f oetuses, only one was hyperdiploid (f oetus CP59) and it 
was trisomic in the usual sense in that the 43rd chromosome was an extra 
copy of chromosome 4 or 5 and was therefore a product of mitotic non- 
disjunction. Foetus CP120 was recorded as having 41 chromosomes (i. e. 
monosomy) although this was based on the single metaphase located on its 
chromosome slide. It is recognised that in any chromosome preparations, one 
or more chromosomes can be lost due to technical reasons. Therefore, the 
monosomic classification for foetus CP120 must remain tentative. Foetus 
CP106 had a deletion from chromosome No. 1 with no obvious translocation 
to another chromosome. All the other CP group f oetuses with karyotype 
abnormalities had centromeric counts of 41 or 42 together with an obvious 
translocation or translocations. The majority of the translocations involved 
the largest chromosomes i. e. Nos. 1,2 and 3, sometimes in combination with 
each other and sometimes in combination with other chromosomes. 
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5.4. DISCUSSI 
- 
The previous chapter and other reports in the literature (Knudsen et al., 
1977; Nomura, 1979; Kirk and Lyon, 1984; Nagao, 1977) have demonstrated that 
acute dosing regimens, with a variety of physical and chemical agents, can 
induce levels of foetal abnormalities in the litters of exposed males greater 
than that seen in the litters of unexposed males. However, the induced level of 
abnormalities was in most cases relatively modest and against a background of 
variable frequency in spontaneous incidence, was significant only at the 5% 
level, even when using large numbers of litters and f oetuses. 
Most data about the mutagenic activity of tested chemicals have been 
obtained from acute experiments. This is either because it is practically 
impossible to ensure a chronic type of exposure (in tests on microorganisms 
with metabolic activation In vitro and in vivo or in cytogenetic analyses of 
mammalian cells in vitro), or these tests are expensive and require specific 
facilities (experiments with mammals). In the comparison between acute and 
chronic exposure to mutagens, some authors report a lower mutagenic response 
when exposure is given as a multiple of small doses than as a single high dose 
(Frohberg, 1974; Schmid et al., 1971; Epstein et al., 1972; Rozmiarek, 1973). 
Srdm (1976) has reported that in most experiments, repeated application yielded 
the same or higher genetic injury than the same total dose at a single 
application. Also, dose fractionation with X-rays leads to an enhancement of the 
induction of specific-locus mutations (Russell, 1962) and dominant-lethal 
mutations (Lyon and Morris, 1968). Furthermore, long-term exposure is required 
for the estimation of carcinogenic risks (W. H. 0., 1974), and as most of human 
exposure to potential mutagens is on a chronic low-dose basis, whether it is an 
environmental chemical, a social habit or clinical treatment, it would seem 
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necessary to generate more data from long-term experiments. Also, for 
comparative purposes, the incidence of congenital malformations would appear to 
be convenient as relatively accurate records are kept on the numbers and types 
of abnormalities born in hospitals. 
The post-mortem data of the exposed males, f or all three groups were in 
general agreement with the published data. AA treatment induced significant 
increases in the relative organ weights of the liver and spleen and non- 
significant increases in the relative organ weights of the kidneys and testes. 
These results correlate well with those of Carpanini et al., (1978) and 
Torkelson, (1959). Therefore, it would be expected that the livers of the AA- 
treated rats in this experiment would have shown similar levels of periportal 
necrosis as that seen in other studies where the animals were dosed either by 
i. p. injection or by oral intubation (Reid, 1972; Clode et al., 1978). The study 
by Clode et al., used allyl caproate which is known to be rapidly hydrolysed in 
the intestine to yield allyl alcohol (Longland et a]., 1977). There was a non- 
significant depression in the total white blood cell count in the AA-treated 
rats compared with the control rats. The differential count revealed highly 
significant differences in the proportions of neutrophils, eosinophils and 
lymphocytes. However, the haematology results of the AA-treated rats were 
within the range associated with control rats and the differences between the 
AA group and the control group in this experiment may have been due to 
different post-mortem times (5.3-1. ), although a pathological effect cannot be 
excluded. Clode et al., (1978) reported no adverse findings in the 
haematological results after oral dosing of rats with up to 100 mg/kg allyl 
caproate f or 13 weeks. 
There was no evidence in this experiment that chronic AA treatment 
affected any of the reproductive parameters in the exposed male rats. 
Sperm 
188 
count data were normal (Table 5.3) and there was no suggestion of any increase 
in dominant lethality at any mating week (Fig. 5.4). Acrolein, one of the 
principle metabolites of AA, has been reported negative in the dominant-lethal 
test in male mice given i. p. doses of 1.5 or 2.2 mg/kg bodyweight (Epstein et 
al., 1972). Both AA and acrolein have been reported mutagenic in Salmonella 
typhimur-ium, although in both cases the mutagenic effect was virtually abolished 
in the presence of an S-9 liver fraction (Lutz et al, 1982). Furthermore, 
acrolein has been reported to induce sister-chromatid exchanges in Chinese 
hamster ovary cells (Au et al., 1980). 
The incidence of runted foetuses in the AA group was greater than that of 
the control group (Table 5.4), but the increase was not significant and at 
0.95%, was within the historical control range of 0-1.1% for CD rats (Perraud, 
1976). Three grossly abnormal foetuses were identified in the offspring of the 
AA-treated rats, that of exencephaly, anasarca and a craniofacial/skeletal 
abnormality. While no grossly abnormal foetuses were seen in the control group 
litters, it may be assumed that the three seen in the AA group were 
spontaneous, as their individual and collective incidence rates were again well 
within the levels seen in historical data (Perraud, 1976; Fritz et al., 1978). It 
may be accepted on the basis of in vitro assays that AA and acrolein have 
potential mutagenic activity but the In vivo data presented above and reported 
by others suggests no mutagenic activity in the whole animal. Whether this is 
due to the use of inappropriate doses is not known, but the dose of AA used 
in 
this study was approximately 40% of the oral Uso for rats 
(Smyth and 
Carpenter, 1948) and although it was tolerated well by the male rats 
it is 
perhaps unlikely that higher doses would have resulted in positive mutagenic 
data. 
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The toxic effects recorded after 33 weeks of CP treatment were similar to 
those reported in the literature. The reduction in bodyweight gain compared with 
the control group was almost identical to that seen by Moreland et al., (1981) 
who gave male rats 5 daily i. p. injections of 5.0 mg/kg Cp for 10 weeks. Whereas 
Trasler et al., (1986) reported no ef fect on bodyweight gain af ter 11 weeks of 
oral dosing 5.1 mg/kg CP. The reduction in bodyweight gain may have been 
related to the general toxic effects of CP but more specifically, oral CP 
treatment has been shown to decrease mitosis in intestinal crypts, to reduce 
the height of villi and to cause degeneration of the intestinal mucosa 
(Habibullah et al., 1979). This may be expected to reduce the ef f iciency of the 
digestion of f ood, although no changes in the appearance of faeces was noted in 
this experiment. 
The CP treatment induced a significant depression of the lymphocyte 
population in the peripheral circulation of the male rats and such an ef fect has 
been reported previously (Wheeler et al., 1962). The mean relative spleen weight 
was also significantly reduced and this may have been related to the 
leukopaenia noted above. Other aspects of gross pathology seein to have been 
largely unaffected although contrasting effects on liver damage have been 
reported in the literature after prolonged treatment with CP (Stoichkova et al., 
1979; Hegewald and Barenwald, 1972). Three rats in the CP group either died or 
were killed for humane reasons. One was killed because of a suspected broken 
Jaw, possibly due to mishandling while dosing, although at post-mortem, no 
abnormalities were detected. Of the other two, the cause of death of one could 
not be determined due to the poor condition of the carcass while the other had 
suffered extensive internal ulceration and bleeding. Haemorrhagic cystitis 
has 
been reported in human patients treated with CP (Bennett, 1974), 
however, no 
mortality was seen in the male rats treated with similar doses (Moreland et al., 
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1981; Trasler et al., 1986). CP-treatment had no effect on the male reproductive 
system as measured by organ weights or sperm parameters, this was in agreement 
with the results of Trasler et al. 0 (1986) who also detected no effect on serum 
concentrations of testosterone, follicle stimulating hormone, luteinising hormone 
(LH) or on the response of LH to LH-releasing hormone. 
In terms of fertility as measured by pregnancy rate, neither Moreland et 
al., (1981), Trasler et al., (1986) or Botta et al., (1974) reported any 
detrimental effect of CP at 5.0,5.1 or 4.5 mg/kg respectively. These results 
correspond very well with the results given in Fig. 5.2. An interesting effect 
(that applied to all three treatment groups). was noted in Fig. 5.2. In mating 
weeks 5,6 and 7, the pregnancy rate was depressed compared with the preceeding 
and succeeding weeks. This could be explained by the coincidence of a change in 
the mating behaviour of the male rats and the method of determining pregnancy 
in the females. Females were checked daily for the presence of sperm in a 
vaginal smear. Due to the experience of the males and their weight advantage 
over the females, by week 5 the males were mating with some of the females on 
the night bef ore oestrus. These were taken to be pregnant by the presence of 
sperm and removed f rom the mating cage. This was not f ully realised until week 
8 of mating, after which females were not removed from the mating cage unless 
both sperm and evidence of oestrus were present in the smear, subsequently the 
pregnancy rate increased to normal levels. The aberrant mating behaviour of the 
males disappeared from all three groups in mating week 10 and subsequent weeks. 
The effect of CP treatment on the reproductive outcome of litters from the 
exposed males was highly significant in terms of the incidence of dominant 
lethality and was seen to increase steadily with succesive matings up to week 
8, subsequent weeks showed a plateau of dominant lethality at approximately 
75% 
of implantations. Pre- implantation loss was also seen to be elevated in the 
CP 
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group compared with the control group especially in week 8 and subsequent 
mating weeks. These results show close agreement with those of Moreland et al., 
(1981) and Trasler et al., (1986) who both reported dominant lethal rates of 
approximately 70-80% with similar dosing regimens. Moreland et al., (1981) 
present data from which a pre- implantation loss rate of approximately 25% after 
10 weeks of CP treatment, can be calculated, which is very similar to that seen 
in Fig. 5.3. Trasler et al., (1986), reported a significant increase in pre- 
implantation loss in mating weeks 5 and 6 but not in weeks 7 and 9, which is 
at slight variance with the present data, but may have been due to the smaller 
number of animals used by Trasler et al., (1986). In a repeat study reported in 
abstract form, Hales et al., (1986) showed a pre- implantation loss after 9 weeks 
of treatment of 25%, a figure very close to that of Moreland et al., (1981), and 
of the present study. 
Botta et al., (1974) presented data derived from matings of male rats 
treated with 4.5 mg/kg/day CP for seven weeks. The mean number of foetuses per 
litter was 4.4 (8 litters) compared with 12.0 (9 litters) in the control group, 
equivalent to 63% dominant lethality. It appears that they did not examine the 
females for the presence of dead implants or corpora lutea, so the definite 
evidence of dominant lethality or pre- implantation loss was absent. However, 
they concluded that the results were compatible with a direct cytotoxic ef fect 
on the male germ cells preventing fertility and they f ound no indication of 
Mutagenesis. In the light of the data of Trasler et al. and that presented above 
on the normal levels of sperm counts and the high incidence of early deaths in 
litters of CP treated male rats it is almost certain that the conclusion of 
Botta et al. was incorrect. Furthermore, Trasler et al., (1985) have shown, with 
light and electron microscopy studies of the testes and epididymes of male rats 
treated with 5.1 mg/kg for 9 weeks, that no differences occurred between 
treated 
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and control rats in the orderly process of spermatogenesis; furthermore, the 
germ, Sertoli and Leydig cells appeared normal. However, some differences in 
the cells of the cauda and caput were noted together with an increase in the 
numbers of luminal sperm and alterations in the association of sperm tail 
structures, 
Dominant lethality has been shown to be caused by chromosomal damage 
induced by clastogenic agents acting on the male germ cells (Bateman, 1958) and 
the incidence of chromosomal damage in mouse blastocysts was correlated with 
the incidence of dominant lethality in post- implantation embryos (Brewen, 1975). 
However, CP has been shown to induce specif ic-locus mutations (SLM) in mice 
(Cumming and Walton, 1971), which are due to gene mutations, although it is 
recognised that some SLM are due to small chromosome deletions and 
translocations (Russell, 1971). 
The incidence of abnormal f oetuses in the litters of CP-treated male rats 
was seen to increase with subsequent mating weeks up to a maximum level at 
week 8, this level was then maintained at approximately 10% of live foetuses in 
all subsequent weeks. These levels of abnormalities were very similar to those 
reported by Trasler et al., (1986) except that in their experiments a 
significant increase was seen in mating weeks 3-4 and 7-9 but not at weeks 5- 
6. The increase in the level of dominant lethality and the incidence of abnormal 
foetuses could be as a result of the cumulative dose of CP reaching more and 
more effective levels after successive dosings or as a consequence of repeated 
damage to germ cells as they pass through the process of spermatogenesis. 
The 
latter reason is the most likely, as the cumulative dose over eleven weeks was 
approximately 400 mg/kg, and over 30 weeks, approximately 1100 mg/kg. 
Both 
such doses if given singly would have resulted in infertility and 
high 
mortality rates, especially in the case of 1100 mg/kg, however, infertility 
did 
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not occur and mortality was very low. The levels of abnormal foetuses seen in 
this study and that of Trasler et al., (1986) were much greater than that seen 
in any acute study reported to date, either with physical or chemical agents 
(Chapter 1), and this suggests that repeated exposure to mutagens may be more 
damaging than acute treatment f or certain genetic endpoints. It may be that 
multiple 'hits' of a minor nature are required to achieve high levels of certain 
types of chromosome abnormalities, such as translocations, or that repair and 
protective mechanisms need to be concurrently overwhelmed. Indeed, depression 
of glutathione levels with buthionine sulf oximine can enhance ethylmethane- 
sulphonate induced dominant lethality in rats (Teaf et al., 1984). 
The range and types of f oetal abnormality seen in this experiment was 
remarkably similar to that seen in other experiments, both acute and chronic, 
with CP-treated male rats. The abnormalities seen in the acute preliminary 
experiment in rats (Chapter 4) were one hydrocephalus and two foetuses with 
craniofacial abnormalities. Trasler et al., (1986) reported growth retarded 
foetuses (runts), oedema (anasarca), hydrocephalus, micrognathia (craniofacial 
abnormality), palate abnormality, missing tail and omphalocoele (gastroschisis) - 
Knudsen et al., (1977) in an acute experiment with rats treated with CP, 
reported two brachygnathias (craniofacial abnormality), hydrocephalus, 
hydrocephalus combined with abdominal eventration (gastroschisis) and anasarca. 
Botta et a]., (1974) recorded 2 pups with hydrocephalus, although that was in an 
experiment where both male and female parents were treated with CP, and the 
abnormalities could have been a maternal ly- mediated teratogenic effect. Indeed, 
both CP and acrolein have been reported to induce a similar spectrum of 
abnormalities when foetuses were exposed In utero, (Hales, 1982; Slott and 
Hales, 1985). 
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Some workers have reported reductions in litter size and neonatal survival 
after paternal exposure (Joffe, 1979), and in the week 30 matings, of this 
experiment, approximately 25% of the CP-group pups died within the f irst 2 
days after birth compared with approximately 6% in the control group. However, 
examination of the morphology and alizarin stained skeletons of those dead pups 
not cannibalised by their mothers, gave no indication of abnormalities other 
than those described above. It was observed that the dams in the CP-group often 
rejected their pups when the number in the litter was very small. In two litters 
where only one pup survived, although the dams showed acceptance of the pups, 
the milk supply had failed to be maintained due to the lack of sufficient 
sucking stimulus, these pups were successfully fostered to other litters. 
Greater than one third of the abnormal foetuses with scorable metaphases 
from the liver chromosome preparations showed obvious chromosome 
abnormalities. Considering the relative insensitivity of the chromosome analysis 
technique used, this must be regarded as an underestimate of the total number 
of abnormal foetuses carrying karyotype abnormalities. It is probable that if 
banding techniques could have been used, then more karyotype abnormalities 
would have been detected. To date this is the f irst report of chromosome 
abnormalities in malformed foetuses produced by treatment of the male. Previous 
attempts by Lyon (1985), Friedler (1985) and Jenkinson (1987) failed to 
identify karyotype abnormalities in the abnormal offspring of treated male mice. 
Karyotype abnormalities were detected in some of the abnormal foetuses of the 
AA-group, which were assumed to be spontaneous in origin, as they occurred at 
levels within historical limits. Also, many of the chromosome abnormalities were 
seen in f oetuses whose only phenotypic malformation was of growth retardation 
(runts) which suggests that runts are a genuine foetal abnormality and not just 
foetuses at the lower end of the normal range of foetal size. 
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Autosomal monosomy and trisomy have been shown to cause f oetal growth 
retardation and congenital malformation (Gropp et al., 1976; Baranov, 1983). 
Anasarca, which was one of the most frequent abnormalities detected in this 
study has been shown in the human to be due, in most cases, to a genetic 
defect, usually chromosome abnormalities (Elkhazen et al., 1986). Furthermore, a 
mouse model of anasarca involves the production of foetuses carrying a trisomy 
of chromosome 16 (Miyabara et al., 1982). 
The direct evidence of both numerical and structural chromosome 
abnormalities in the somatic tissue of many of the malformed foetuses seen in 
this experiment strongly suggests a mechanistic link between the chromosome 
abnormalities and the foetal malformations. Furthermore, the well characterised 
clastogenic properties of CP indicates a causal relationship between the CP- 
treatment of the male rats and the chromosome abnormalities seen in the 
malformed foetuses. 
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CHAPTER 6 
CONCLUDING DISCUSSION 
Thalidomide was identif ied as a human teratogen about 20 years ago, and 
yet despite intensive efforts, its exact mechanism of toxicity remains obscure 
(Thomas, 1983). Although present guidelines f or tertogenicity testing in the 
developed world are generally quite stringent, they are not without criticism. 
There are various factors which affect the applicability of animal drug-testing 
results to humans: 1) the genetic heterogeneity in humans and its ef fects upon 
drug absorption, metabolism and excretion; 2) variability in human nutrition, 
bodysize and age; 3) concurrent disease states and organ dysfunction; 4) 
interaction of other drugs /chemicals; 5) differences in placental transfer. 
Whilst some degree of uncertainty about the predictability of current 
teratogenicity assays exist and that, due to the nature of such assays, their 
use must must be restricted to drugs and a limited number of chemicals, it 
would seem prudent to investigate both alternative teratogenicity assays and 
the basic mechanisms of teratogenicity. A more complete understanding of 
teratogenic mechanisms would yield benefits in several respects. It would allow 
the design of more appropriate test assays, it may permit some prediction of 
potential teratogenicity based on chemical structure and reactivity and 
furthermore, it should enable epidemiologists to conduct more sensitive analyses 
of available human databases. 
The present study investigated two potential mechanisms of teratogenicity. 
Firstly, the potential of active oxygen species to induce teratogenic effects, 
this was acheived with the use of an in vitr-o culture method 
for organogenesis 
stage rat embryos. Secondly, the possibilty that some 
induced teratogenic 
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ef fects could be mediated through the paternal contribution to the gene 
structure of the foetus. 
6.1. IN VITRO EMBRYO CULTURE ASID OXY El RADICALS. 
The results presented in Chapter 2 demonstrate that the in vitro embryo 
culture technique, as developed by New (1967) and operated by Brown (1981), is 
a practical technique that allows equivalent growth In Vitr'o to that seen in 
vivo. Also, the 'mobility' of the assay was shown in that the results obtained 
by other workers in different laboratories could be repeated, in that, CP was 
shown to be teratogenic In vitro only in the presence of S-9 and appropriate 
co-factors. 
The metabolic capacity of the organogenesis stage embryo is certainly 
quantitatively much less than that of the adult (Basu et al., 1971). However, 
there are also qualitative differences in the relative levels of different 
cytochrome haem enzymes such that in the adult, cytochrome P-450 is the 
predominant monooxygenase enzyme in the absence of inducing agents, whereas in 
the pre-natal foetus, cytochrome P-448 activity is greater (Basu et al., 1971). 
This qualitative difference in monooxygenase activity is potentially very 
important in determining whether a chemical is toxic and/or teratogenic. It is 
known that many toxic chemicals and carcinogens manifest their toxicity only 
after undergoing oxygenated metabolism to form highly electrophilic reactive 
intermediates, which may then give become covalently bound to intracellular 
macromolecules such as enzymes or DNA (Parke and Ioannides, 1984). Furthermore, 
such reactive intermediates may give rise to the production of oxygen radicals 
leading to DNA damage, lipid peroxidation, etc. Cytochrome P-450 is 
characterised by an ability to to accept globular molecules and to oxygenate at 
unhindered C atoms. It is principally found in the liver, is absent from the 
placenta and develops in the neonate after P-448, and is probably induced 
by 
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drugs and xenobiotics in the diet. The products of P-450 oxygenation are 
generally easily conjugated and excreted. Cytochrome, P-448 accepts larger planar 
molecules and oxygenates at hindered C atoms and N atoms. It is both hepatic 
and extrahepatic, is present in the placenta and develops in the foetus prior to 
P-450 possibly to metabolise steroids (Parke and Ioannides, 1984). The 
electrophilic intermediates produced by P-448 are resistant to metabolism by 
the detoxicating enzymic conjugates, such as epoxide hydrolase and covalently 
bind to DNA and other macromolecules. Also, they may react with tissue oxygen 
generating such radicals as superoxide, hydroxyl and singlet oxygen, all of 
which are capable of reacting with cellular macromolecules. 
Juchau et al., (1985) have shown that transplacental treatment with 3- 
methylcholanthrene can induce enzymes in embryos which when cultured In vitro, 
can induce malformations with the addition of 2-acetylaminofluorene but not CP. 
Transplacental treatment with phenobarbitone did not result in embryos that 
could activate either 2-acetylaminof luorene or CP. 3-methylcholanthrene is an 
inducer of cytochrome P-448 whereas phenobarbitone induces P-450. The relative 
ability and inability of these agents to induce 2-acetylaminof luorene- 
metabolising enzymes (P-448) correlates with the foetal development of the 
cytochrome monooxygenase enzymes. 
The experiments with xanthine/xanthine oxidase and H202 presented in 
Chapter 3 demonstrate that active oxygen species are potentially very effective 
teratogens. Treatment with xanthine/xanthine oxidase or, H: 20;, was shown to 
induce dose-related increases in numbers and severity of embryonic 
malformations. These effects were abolished by addition of catalase 
but not by 
superoxide dismutase, desferrioxamine or mannitol. Glutathione at concentrations 
(10 mm) that were high but not beyond those that can 
be detected 
intracellularly (Ketterer et al., 1982), gave some protection against 
the effects 
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of xanthine/xanthine oxidase. Lower concentrations of glutathione were seen to 
potentiate the ef f ects of xanthine/xanthine oxidase possibly via the generation 
of hydroxyl radicals which are produced in the presence of H202 and iron 
salts. A similar response was seen with the anti-schistosomal drug niridazole 
(NDZ) in that the incidence and severity of malf ormations induced in cultured 
rat embryos by NDZ was inversely related to glutathione levels (Stark et al., 
1987). The authors speculate that the results were consistent with the 
bioactivation of NDZ to reactive species involving toxic glutathione conjugates 
or sulfhydryl radical species. As there is no cellular uptake of glutathione 
(Meister, 1983) this would suggest that the potentiation of xanthine/xanthine 
oxidase in vitro teratogenicity by glutathione was operating at an extracellular 
level. However, whether the same would hold for the in vitr-o teratogenicity of 
xanthine/xanthine oxidase directly is not possible to determine from these 
results. Although glutathione can manifest toxicity it is probable that this is 
an artefact restricted to the ingestion of very high levels of certain 
xenobiotics and may only be demonstrated in in vitr-o studies. In the vast 
majority of cases, glutathione decreases the toxicity of both chemicals and 
oxygen radicals. 
Although it would be unlikely for hydroxyl radicals to be able to pass 
through a cell membrane, the same cannot be said f or H-, 02 and 02-- Exogenous 
glutathione has been shown to induce sister chromatid exchanges, clastogenicity 
and chromosome endoreduplication in mammalian cells in culture (McRae and 
Stich, 1979; Thurst and Bach, 1985), and the formation of hydrogen peroxide and 
free radicals was postulated as the mechanism of the genetic damage. 
DNA 
tightly binds metal cations (Emerit, 1985), therefore the metal catalysed 
interaction of superoxide and H: 2G;., - could occur 
at sites of metal binding to 
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DNA, producing hydroxyl radicals and so cause DNA strand breakage. This could 
result in both chromosomal aberrations and sister chromatid exchanges. 
Active oxygen species produced by the active intermediates of the 
cytochrome P-448 metabolism of xenobiotics are potential mutagens. The 
mechanism, by which cellular damage is induced by active oxygen species may be 
explained, is the theory of 'restorative growth' advanced by Snow (1985). 
Following tissue damage or cell death, the embryo will accelerate its rate of 
cell division to restore the status quo. However, due to the heterogenecity in 
cell cycle rates that exists in the normal embryo, the ability of different 
tissue types to increase cell replication is variable. The variable response to 
damage in terms of increased cell division results in an imbalance in tissue 
structure leading to malformation. In conclusion, the appearance of cytochrome 
P-448 prior to P-450 in the monooxygenase capacity of the embryo, with its 
ability to metabolise xenobiotics to their active intermediates and the 
possibilty of the sequential production of a cascade of oxygen radicals, 
suggests a mechanism by which some chemicals could exert a teratogenic effect. 
The ability of oxygen radicals In vitr'o to induce malformations in cultured 
embryos, demonstrates that if such radicals were to be produced in vivo then 
teratogenic events could ensue. This could perhaps be tested in vivo in two 
ways; 1) radical- mediated toxicity can be induced In vivo by iron-overload, this 
could be acheived. by injection of Fe-nitrilotriacetic acid into pregnant rats on 
day 10 of gestation to see whether similar malformations to those induced In 
vitro would occur; 2) specific inhibitors of cytochrome P-448 such as 9- 
hydroxyellipticine could be applied prior to treatment with a P-448-dependent 
teratogen such as 2-acetylaminofluorene. 
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6.2.1AUR-MEDIATED TIERATOGERIC111- 
In the past, females have most often been the focus of studies of clinical 
and occupational exposures on reproductive effects, primarily because 
reproductive endpoints can be more easily determined in women than in men 
(Schrag and Dixon, 1985). Questions are increasingly being asked about the 
effect of industrial and environmental chemicals on the quality of human semen, 
possibly resulting in what some interpret as a general decline in quality and 
in mean sperm counts (Dougherty et al., 1981). There are a number of agents 
whose association with male reproductive dysfunctions has been confirmed, these 
include carbon disulf ide, dibromochloropropane (DBCP), lead and oral 
contraceptives. Also there is a much longer list of agents with inconclusive 
effects, including: anaesthetic gases, arsenic, benzene, boron, cadmium, carbaryl, 
chlodecone, chloroprene, dinitrotoluene and toluene diamine, ethylene dibromide, 
manganese, mercury, pesticides such as DDE and DDT, pentachlorophenol, ionising 
radiation, non-ionising radiation, solvents, TCDD and vinyl chloride (Schrag and 
Dixon, 1985). However, with regard to male exposure resulting in abnormal 
offspring, although there are many reports suggesting a link between certain 
exposures and increases in congenital malformations, there are an equivalent 
number of reports refuting such claims (Table 1.2). The over-zealous reporting 
of poorly designed studies, and such evidence being used in the law courts, as 
in the case of Agent Orange and Vietnam veterans, has led to the hardening of 
the views of the sceptical (Fabro, 1984). Unless the effects are of overwhelming 
proportions, exogenous factors that damage the male germ cell are difficult to 
detect by epidemiologic study (Friedler, 1985). 
An obvious population that could and should be studied for such effects 
are the survivors of cancer who have received chemotherapy and possibly 
radiation treatment, although the gonads are often screened from clinical 
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radiation exposure. The reports on the offspring of such patients are usually of 
an anecdotal type and no large scale analysis of a large population of cancer 
survivors of reproductive age has yet been completed. The reasons for the 
absence of such studies are clear. Only relatively recently has chemotherapeutic 
practise advanced to such a stage such that the prognosis of a significant 
number of cancer patients in the relevant age group has improved (Schilsky et 
al., 1980). Many such patients are rendered infertile although in many cases a 
greater or lesser degree of fertility returns with time. The occurrence of 
infertilty in men receiving alkylating agent therapy is clearly dose-related 
(Schilsky et al., 1980) and recovery of spermatogenesis is unpredictable. The 
situation in male children is similar (Etteldorf et al., 1976) except that data 
suggest that the prepubertal testis may be more resistant to the ef fects of 
alkylating agents than is the adult gonad, and that the risks to the gonads of 
treatments such as cyclophosphamide, may increase with age and sexual maturity 
(Berry et al., 1972). Generally, patients surviving cancer af ter chemotherapy are 
advised not to have children, especially in in the f irst few months or years 
after cessation of treatment. Although this advise is given partly through fears 
of adverse genetic effects, the main reason is because of the high risk of 
recurrence of cancer and possibly death of the patient himself. (Draper, 1987). 
Of the reports on the progeny of chi ldhood- cancer survivors, the most 
complete is that of Li and Jaffe (1974) who analysed data from 17 male and 29 
female childhood-cancer survivors with a total of 107 pregnancies recorded, no 
excess of inherited defects were detected. In an examination of the life styles 
of children treated for cancer, Holmes and Holmes (1975) show that of 
34 that 
produced 55 children, no untoward effects were detected in their offs[ring. 
Two 
male acute lymphoblastic leukaemia patients who fathered children 
during or 
after chemotherapy produced one normal child each, although the 
f irst pregnancy 
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conceived by the male patient receiving mercaptopurine, methotrexate, 
vincristine and prednisone, ended in the third month with a spontaneous 
abortion (Lilleyman, 1979; Kroner and Tschuni, 1977). In a case where six months 
after cessation of chemotherapy with bleomycin and actinomycin D, the wife of a 
29 year old male patient became pregnant, the pregnancy was terminated at 8 
weeks of gestation and no apparent gross abnormalities or chromosomal changes 
were detected in the f oetus, (Shani et al., 1979). However, not all the reports 
are negative. Russell et al., (1976) have reported the cases of two men with 
acute myelogenous leukaemia who fathered offspring with congenital 
abnormalities after chemotherapy was stopped. Chemotherapy included cytarabine, 
daunorubicin, thioguanine and CP treatment f or 6 or 14 months. The child of the 
patient given the shorter treatment had Fallot's teratology and syndactyly of 
the f irst and second digits of the right foot. The child of the patient who 
received more than one years treatment was a stillborn anencephalic. A male 
recipient of a kidney transplant treated with prednisone and azathioprine, 
fathered a child with multiple anomalies including a large myelomeningocele and 
skeletal defects (Tallent et al., 1970). 
Two potential routes exist that may account f or an association between 
paternal exposure and adverse reproductive outcome; 1) paternal exposure may 
result in maternal exposure and the agent could then operate through the mother 
or directly on the foetus, 2) exposure may cause damage to the male germ cells 
which could result in infertility and/or abnormal development of the embryo. 
With regard to the f irst route of exposure, there is evidence that 
drugs 
and chemicals can be detected in senen at levels that may exceed plasma 
concentrations. Lutwak-Mann et al., (1967) found thalidomide and its metabolites 
in appreciable quantities in the semen of rabbits after oral administration. 
Methadone has been detected at concentration ratios of 0.8 - 4.7 in the semen 
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of clients of a methadone maintenance clinic, relative to serum levels (Gerber 
and Lynn, 1976). The activity of drugs excreted in semen has been demonstrated 
in that female rats mated to male rats receiving eostrogen showed hypertrophy 
and hyperplasia CEricsson and Baker, 1966). Furthermore, cases of vaginitis have 
been reported in women whose sexual partners were on vinblastine therapy 
Taladine et al., 1975). 
However, the possibility that cyclophosphamide was acting via a maternal 
route in the experiments described in the previous two chapters is not 
supported by the data. The male rats in the chronic study were orally dosed in 
the morning whereas copulation usually occurs mid-way through the dark cycle, 
i. e., at least 12 hours later. The rapid metabolism of cyclophosphamide in the 
rat would probably preclude the transmission of significant levels of 
cyclophosphamide or its metabolites in the semen after such a period. The 
effect of cyclophosphamide on the incidence of dominant lethals and abnormal 
offspring was obviously related to the duration of exposure of the males and 
not of the females. As fresh females were used for each mating week, it would 
have been expected that the response in each week to be relatively constant if 
the effect was maternally medi: ated. Also, the close correlation between the 
incidence of chromosome aberrations and f oetal malf ormations was highly 
indicative of a clastogenic, mechanism. A large proportion of mouse oocytes 
fertilized by mutagen-exposed males show chromosomal damage in the paternal 
contribution to the chromosome complement (Albanese, 1986). 
One of the widely held tenets of teratology is that treatment of gametes 
at fertilization or of embryos at pre- implantation stages of development does 
not result in foetal malformations at terim (Brown, 1985). However, recent 
reports suggest that such is not the case. Kaufman (1983) and Washington et al., 
(1985) report that female exposure to ethanol around the time of 
fertilization 
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may result in late f oetal death as a result of chromosomal nondisjunction. Also, 
exposure of female mice to ethylene oxide within hours of mating can lead to 
foetal malformation and death (Generoso et al., 1987). However, the doses 
required to ellicit such effects were sufficient to exhibit toxic effects in the 
females and far exceeded that which could be transferred in the semen. Thus it 
is unlikely that the foetal malformations induced by cyclophosphamide could 
have been due to a direct ef fect on the zygote, especially in the case of the 
single-dose experiments where the separation between exposure and mating was 
two to three weeks. 
Many of the chromosome abnormalities that were detected involved one or 
more of the three largest chromosomes of the rat karyotype, chromosomes 1,2 
and 3. It is possible that this apparent. bias was due to the fact that these 
chromosomes are the easiest to identify and therefore any aberrations in these 
chromosomes would have been more readily detected. Alternatively, it may have 
been that due to their large size, chromosomes 1-3 were more likely to be 
involved in trans location /deletion events. However, what is not clear from these 
results is whether the presence of a chromosome abnormality of almost any type 
may lead to foetal abnormalities or whether particular f oetal abnormalities are 
linked to particular chromosome abnormalities. Or, even more interestinglY, 
whether certain chromosomes carry genes that are very important in 
developmental processes such as the homeo-box genes recently described in 
Drosopblla (North, 1985). In order to investigate such a possibility more 
sensitive and descriminating techniques such as chromosome banding and 
molecular biological analysis of DNA would be required. 
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6.3. CONCLUDING REMARKS 
The causes and mechanisms of teratogenesis have been under scrutiny by 
scientists for many years. Whilst many human teratogens have been identified, 
and many more potential teratogens have been demonstrated in animal models , 
the exact mechanisms by which their ef fects are mediated are often obscure. The 
major reason for our ignorance of the mechanisms of teratogenesis is a poor 
understanding of the basic processes of embryonic development. Furthermore, it 
would appear that differences in metabolism may be very important in 
determining whether a chemical is a teratogen or not. The predominance and 
inducibility of cytochrome P-448 in the mammalian embryo suggests that this 
characteristic may be linked to the greater sensitivity of the developing 
embryo to the toxic effects of xenobiotics than the adult. The results described 
above show that active oxygen species have the potential to produce teratogenic 
ef fects in cultured embryos. P-448 metabolism may lead to the production of 
oxygen radicals via the active metabolites of xenobiotic chemicals and 
consequently may be involved in teratogenic, events In vivo. 
The results of the experiments in which male exposure to cyclophosphamide 
induced foetal malformations in their offspring show that chromosome 
aberrations are implicated in teratogenic mechanisms. The most powerful 
response was seen with the chronic treatment of rats, whereas the acute 
treatment of mice gave a modest increase in abnormal embryos. In terms of 
human exposure, in both the clinical and the industrial situationt chronic 
low- 
dose exposure is perhaps more common than acute exposure. In this case 
the 
results presented above may give cause for concern. Indeed, although most of 
the 
reports of follow-ups of cancer patients of reproductive age 
indicate the 
absence of any effect on the incidence of abnormal reproductive outcomes 
(Mulvihill and Byrne, 1985), the need for more data, derived 
from more extensive 
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studies, has been recognised (Blatt et al., 1980; Kroner and Tschumi, 1977; 
Russell et al., 1976). An extensive set of data an the live born children of 
patients surviving childhood and adolescent cancer is being compiled by the 
Childhood Cancer Research Group based in Oxf ord. ]Furthermore, at the A. G. M. of 
the 1987 European Environmental Mutagen Society, Professor Sobels announced the 
intention of the I. C. P. E. M. C. to initiate a large study on the offspring of cancer 
survivors. 
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